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Welcome to The State of Climate Adaptation Science for Ecosystems in the Northwest U.S.

This report is customized by selecting topics, ecosystems, and ecoregions of interest from
The State of Climate Adaptation Science for Ecosystems in the Northwest U.S. website.
Report options consist of

Four topic areas (1) Climate Projections, (2) Hydrologic Change, (3) Climate Effects on
Ecosystems, and (4) Climate Adaptation. For topic areas one to three, report sections (12-14
pages) synthesize the latest science on the impacts of climate change in the Northwest in
an easy to access format. To the extent possible, the synthesis is based on the most recent
climate model projections and peer-reviewed articles from the last 10 years.

Climate Effects on Ecosystems are summarized for four ecosystem types: (1) Forest, (2)
Aquatic, (3) Shrublands/Grasslands, and (4) Coastal/Marine.

Climate Adaptation for Ecosystems consist of 4-5 page summaries in a fact sheet format
for each of the four ecosystem types. Summaries include descriptions of select adaptation
actions, why they work based on ecological theory and practice, and key scientific sources

for the action. Regionally-relevant case studies are also described.

Ecoregion factsheets (2 pages) Modified Omernik Level Ill Ecoregions in the Northwest
summarize climate projections,
hydrologic change and ecosystem
effects specific to 16 modified
Omernik Level lll ecoregions in the so
Northwest. Climate and hydrologic
projections are available for all 16 4|
ecoregions. Ecosystem effects are '
available only if an ecosystem is
relevant to an ecoregion: 10 for
forests and 2 for coastal/marine.
Ecoregions were combined into
larger areas over which ecosystem

o

1 Coast Range

2 Columbia Plateau

3 Blue Mountains

4 Snake River Plain

5 Northern Rockies

6 Idaho Batholith

7 Middle Rockies

8 Puget Lowlands

9 Willamette Valley

10 Cascade Mountains
11 Canadian Rockies
12 North Cascades

13 Klamath Mountains
14 Northern Basin and Range
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Additional data resources and references are available from the website and can be
filtered by topic area, ecosystem, and climate change stressors. Download the full report at

the University of Washington ResearchWorks.


https://depts.washington.edu/nwclimateadaptation/socs/.
https://hdl.handle.net/1773/52644

Access a full list of data resources and supporting methodology for the ecoregion-specific climate
projections and hydrologic changes at the Northwest Climate Adaptation Science Center website.

This project was funded by the Northwest Climate Adaptation Science Center (Grant Agreement
Number: G21AC10313-02) and led by the University of Washington Climate Impacts Group in
collaboration with Washington State University, Boise State University, Oregon State University, and
the U.S. Geological Survey. Report authors from each of these institutions are identified in the
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report content was developed by Paige Eagle, University of Washington, School of Environmental
and Forest Sciences.
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INTRODUCTION

The Coupled Model Intercomparison Project (CMIP) recently released a new ensemble of
climate simulations (Bock et al., 2020; Intergovernmental Panel On Climate Change (IPCQC),
2023) that can be used to better understand and integrate the potential effects of a
changing climate on ecosystems for management, planning, and research (Box 1). The
Localized Constructed Analogs downscaling method (LOCA) has been applied to both the
Phase 5 (CMIP5) and Phase 6 (CMIP6) models to increase usability at regional scales (Box 2).
These data are readily available and are used in other relevant climate assessments (Pierce
et al., 2018), (NCAS Chapter 1, 2023). This overview compares projected changes in
temperature and precipitation from the previous (CMIP 5) and most recent (CMIP6) CMIP
phases, and the associated downscaled LOCA projections, for the Northwest U.S. The goal
of this comparison is to help users of the climate projections determine if updating to the
new phase of projections is needed for research, management, and planning efforts. We
also explore the extent to which potentially unrealistic warming in some of the CMIP6
model simulations impact the results of the projected temperature and precipitation
changes in the Northwest.


https://www.wcrp-climate.org/wgcm-cmip
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BOX 1: INTRODUCTION TO CLIMATE MODELS

Global Climate Models (GCMs)

Global climate models combine interactions between the atmosphere, ocean, and biosphere, with scenarios
of future emissions or concentrations of greenhouse gases and aerosols to simulate possible future climates.
Many different global climate models exist, and all are different in their approaches and performance,
particularly when analyzed at the regional level. The multitude of available models can be difficult for
application purposes because model ensembles can have a large range of answers for some metrics (e.g.,
precipitation). This is because each individual model may perform well in some aspects of simulating the
climate, and worse in others, due to the design of the model and inherent limitations that come from
representing the Earth system with a computer model. Since individual models may be biased in different
ways, leveraging the breadth of available simulations from a range of models to estimate future climate
conditions is the most effective way to quantify the range of possible future (Hawkins & Sutton, 2009; Knutti
et al., 2010; Tebaldi & Knutti, 2007).

Coupled Model Intercomparison Project (CMIP)

The Coupled Model Intercomparison Project (CMIP), an effort run by the World Climate Research
Programme, was established to study and compare state-of-the-art climate simulations (Meehl et al., 2000).
CMIP sets standards and facilitates the release of a coordinated set of historical and future climate
simulations from modeling groups around the world. These climate model simulations are run under a range
of different scenarios - which specify future concentrations of greenhouse gases and pollutants, as well as
future changes in land use and land cover. The simulations are regularly updated and each new CMIP phase
is evaluated by determining how well simulations of historical climate reflect observed historical climate
trends. Evaluation efforts compare a wide variety of metrics, ranging from total seasonal precipitation,
diurnal range in temperature, and even precipitation patterns associated with atmosphere-ocean
phenomena (Bock et al., 2020; Davini & D'Andrea, 2020; Tian & Dong, 2020). Advancements in models
between CMIP phases include increased spatial or temporal resolution of simulations, improved individual
process models (e.g., ocean dynamics), and refined representations of fine scale features (e.g., clouds and
vegetation cover) (Eyring et al., 2016; O'Neill et al., 2016; Stouffer et al., 2017).

CLIMATE PROJECTION UPDATES

KEY CMIP AND LOCA MODEL UPDATES

There is evidence showing improved confidence in the temperature and
precipitation projections for the Northwest U.S. On a global scale, however;
improvements in both confidence and performance between the CMIP5 and CMIP6
ensemble of models are relatively modest (Bock et al., 2020; Intergovernmental Panel
On Climate Change (IPCC), 2023).

e There is more confidence in the CMIP6 ensemble mean over North America
compared to the CMIP5 ensemble mean. There are also limited improvements in
ensemble confidence for temperature and precipitation extremes for the Northwest
(Kim et al., 2020; Li et al., 2022; Srivastava et al., 2020). Confidence improvements
are indicated by a reduced model spread in the CMIP6 ensemble.

e Regional differences between the historical CMIP6 simulations and observed
historical climate trends remain,particularly differences in precipitation patterns
(Intergovernmental Panel On Climate Change (IPCC), 2023).


https://www.zotero.org/google-docs/?l6IITW
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e Regional climate models still offer improvement over global models for regional
applications, especially for variables that are strongly affected by topography such
as precipitation.

The LOCA method, which was used to downscale CMIP5, and the LOCA2 method,
which was used to downscale CMIP6, rely on similar data and methodology, with
some minor changes.
e LOCA2 uses the same dataset (Livneh et al., 2015) as used in LOCA for temperature
except that it is extended through 2018.
e LOCA2 uses a slightly different bias-correction approach that is intended to better
capture precipitation extremes (Pierce et al., 2021; Risser et al., 2021).

Greenhouse gas scenarios have been updated from Representative Concentration
Pathways (RCPs) in CMIPS to Shared Socio-economic Pathways (SSPs) in CMIP6.

e RCPsrange from a low (RCP 2.6) to a high (RCP 8.5) scenario, and SSPs range from a
low (SSP245) to a high (SSP585) scenario as well.

e SSPs are roughly comparable to RCPs but have different pathways that lead to
similar end-of-century greenhouse gas concentrations and pollutants.

e SSPsinclude more complex assumptions about how humans will respond to climate
change by linking narratives with each scenario pathway. This allows for
consideration of factors such as population, technological and economic growth
throughout the next century (Riahi et al., 2017).

Some global climate models in the CMIP6 ensemble show a potentially unrealistic
amount of warming throughout the century.

e About a quarter of the models in the CMIP6 ensemble are more sensitive to
greenhouse gasses than any climate model in the previous CMIPensembles
(Gettelman et al., 2019; Intergovernmental Panel On Climate Change (IPCC), 2023;
Meehl et al., 2020; Zelinka et al., 2020), and are even outside of the estimated
climate sensitivity based on paleoclimate record (Sherwood et al., 2020; Zhu et al.,
2020).

e Some scientists have suggested constraining the future projections based on past
warming trends (Tokarska et al., 2020). However, the IPCC AR6 suggests models
cannot be excluded based on currently available evidence (Intergovernmental Panel
On Climate Change (IPCC), 2023).

e Other scientists have circumvented the issue of unrealistic warming by basing
projections on mean global warming (e.g., global temperature patterns for 2
degrees C of global warming; NCA Atlas). Though this method is helpful for
understanding projected climate impacts at these thresholds, it does not provide
planners and practitioners with the ability to plan for impacts on a timeline.

e The models we identified as having a potentially unrealistic amount of warming
throughout the century were CanESM5, HadGEM3-GC31-LL, and
HadGEM3-GC31-MM. We determined this by using the equilibrium climate


https://www.zotero.org/google-docs/?l6IITW
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sensitivity threshold of 4.9C, which is the high-end of the “likely” equilibrium climate
sensitivity in the paleo record (Intergovernmental Panel On Climate Change (IPCC),
2023). These three models have an equilibrium climate sensitivity at or greater than
4.9C.

CMIP5 and CMIP6 models generally agree on a variety of projections at regional and
global scales.

e Similar projected regional changes in temperature under comparable climate
scenarios, increased magnitude, frequency, and duration of extreme heat events,
and decreased magnitude, frequency, and duration in cold spells. (Li et al., 2021)

e Increased magnitude, frequency, and duration in extreme precipitation in many
regions of the world and on all continents, with less certainty about how this will
contribute to regional changes in river flooding.

Virtual certainty in large snow cover declines over the next century.
Consistent rates of increase in sea surface temperatures for all oceanic regions
except the North Atlantic.

e CMIP6 models project more warming by the end of the century than the CMIP5
models, due in part to SSP585 being a slightly higher climate scenario than RCP 8.5,
and some CMIP6 models showing potentially unrealistic warming
(Intergovernmental Panel On Climate Change (IPCC), 2023).

BOX 2: DOWNSCALING CLIMATE MODEL DATA

Statistical and Dynamical Downscaling

The global climate model data from both CMIP5 and CMIP6 phases is too coarse for most sub-regional
research and management applications. This is mainly because global data does not capture important finer
scale regional features (e.g., topography, coastline) that affect climate variations and are relevant for applied
research and management. To make the data more applicable at regional and finer scales, the global climate
model output can be “downscaled” to a finer spatial resolution (e.g., 1/16° x 1/16°). Several methods have
been used to downscale climate data, including “statistical downscaling” which uses relationships between
the simulations and observed climate data to estimate changes at a finer resolution (e.g., Localized
Constructed Analogs, Multivariate Adaptive Constructed Analogs, Bias Correction and Spatial
Disaggregation). Another method is "dynamical downscaling” in which a regional climate model (e.g., Weather
Research and Forecasting Model) simulation uses the global climate model data to inform the smaller
simulations. Efforts are underway to downscale the CMIP6 simulations both statistically and dynamically, and
several are currently available. Some of these resources can be downloaded on the report website through
the “Data Resource” option.

IMPLICATIONS OF THE CMIP UPDATES FOR ECOSYSTEM
ASSESSMENT AND PLANNING

With each new iteration of CMIP models, natural resource managers should evaluate the
benefits of incorporating updated climate projections into assessments or management

plans. The differences between CMIP6 and CMIP5 projections for the Northwest are
generally small and unlikely to alter current assessments of potential impacts or


https://www.zotero.org/google-docs/?l6IITW
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planned adaptation efforts. For detailed discussion of comparisons for specific climate
changes, see below. However, several additional considerations are outlined below that
may prompt the use of the new scenarios and projections, regardless of the small changes
between model iterations.

e CMIP6 models simulated the observed historical climate more accurately compared
to the CMIP5 models.

e Assessment, planning, and adaptation actions for ecosystems and species with high
sensitivity to small changes in climate variables, or threshold responses, may
especially benefit from the improved historical climate accuracy of the CMIP6
models.

e The change to SSPs in CMIP6 allows for the consideration of more complex social
scenarios with attached narratives.

e Future scientific studies are likely to use the updated CMIP6 projections, and having
consistency in management plans may simplify future integration.

The current understanding of how the CMIP6 model projections compare to the
CMIP5 projections for the Northwest is incomplete. The responses to climate change
are complex; it is likely that there are important differences between these CMIP
phases that are not covered here. A better understanding of how sensitive
ecosystems and management decisions are to change can inform how important it is
to better understand the differences between the CMIP phases.

If researchers or resource managers decide to update assessments and management plans
based on the new CMIP6 projections, it is important to consider how these projections are
affected by the inclusion of models with a potentially unrealistic amount of warming. This is
particularly important if assessments or decisions are using model maximums (rather than
medians) as part of the decision-making process. Some scientists recommend including
the highly sensitive models in CMIP6 because the possibility cannot be ruled out
(Intergovernmental Panel On Climate Change (IPCC), 2023). Other scientists offer methods
to avoid including potentially unrealistic warming projections (Hausfather, 2022). Though
the models with potentially unrealistic warming perform worse than others in simulating
recent changes in global warming, they can be used to provide insights into low-likelihood,
high-impact futures that may be important to consider in management and planning.
Regardless of their approach, end-users should consider how the inclusion or exclusion of
these warm models may affect interpretations of projections in the context of their work.

A COMPARISON OF CMIP5 AND CMIP6 DOWNSCALED
CLIMATE PROJECTIONS

We compare projections from 30 CMIP5 and 25 CMIP6 models downscaled for five climate
variables throughout the Northwest region. The regional assessment area was created
based on the EPA Omernik Level lll ecoregions, with some modifications based on manager
feedback and data coverage limitations (Figure 1). The comparisons include median and



https://www.zotero.org/google-docs/?l6IITW
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maximum projections for precipitation (cool season and late summer), temperature
(summer and winter average), and growing season (average annual frost days) for all of the
models. We compared both the model median and model maximum projections, since
both can be important for planning and decision-making. Finally, we evaluated variability
among models including the highly sensitive models for CMIP6. All comparisons are based
on LOCA and LOCA2 downscaled projections and a high scenario (RCP 8.5, SSP585), for the
years 2010-2039, 2040-2069, and 2070-2099. Although these comparisons are based on the
entire Northwest assessment area, more specific geographic areas are referenced when
describing results. Additional information for climate projections from CMIP6 downscaled
data and associated trends in each ecoregion can be found in the ecoregion fact sheets,
which can be downloaded on the website.
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2 Columbia Plateau

3 Blue Mountains

4 Snake River Plain

5 Northern Rockies
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Figure 1: The 16 modified Omernik Level lll ecoregions used in the assessment.

COOL SEASON PRECIPITATION

Both the CMIP5 and CMIP6 models project increases in cool season (October - March)
precipitation throughout the next century, especially east of the Cascade Mountains
(Figure 2; Row 1, 2). Differences in the model median percent change in total cool season
precipitation between the CMIP5 and CMIP6 models are small. CMIP6 projections are
wetter by up to 10% at the end of the century, primarily east of the Cascade
Mountains, but drier than CMIP5 projections in the Northern Basin and Range
ecoregion (Figure 2; Row 3).
e Model median projections for CMIP5 and CMIP6 downscaled data both project
increases in precipitation and are similar in magnitude and spatial patterns
throughout this century.


https://www.zotero.org/google-docs/?l6IITW
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e Increases are most pronounced east of the Cascade Mountains for the 2070-2099
period (Figure 2, Rows 1 and 2). However, most areas east of the Cascade Mountains
have lower historical precipitation, which leads to large percent changes despite
relatively small increases in total precipitation.

e For the model maximum percent change (Figure 2, Row 4), differences in the cool
season precipitation can be large depending on location. The model maximum
increase is smaller for the CMIP6 models than the CMIP5 models over the Cascade
Mountains and southwestern Oregon for early and mid-century. For 2070-2099, the
CMIP6 model maximum is also smaller than CMIP5 projections in eastern Oregon,
southwest and south central Idaho, and northern Nevada. By contrast, the
end-of-century model maximum increase is larger for CMIP6 in the Idaho Batholith
and Middle Rockies ecoregions.

LATE SUMMER PRECIPITATION

Both the CMIP5 and CMIP6 model medians project decreases in late summer (July -
September) total precipitation for much of the Northwest, especially west of the
Cascades and in the northern US portions of the domain at the end of the century
(Figure 3; Row 1, 2). Differences between the CMIP5 and CMIP6 model projections are
variable compared to the median projected change. CMIP6 models project larger
decreases in central and eastern Washington and northern Idaho during early and
mid-century, but larger increases in central Oregon and southeast Idaho by end of
century (Figure 3; Row 3).

e The differences between the CMIP6 and CMIP5 median projections are much
smaller than the median projected change for CMIP5 in most of the region,
excluding central and eastern Washington and central Oregon.

e Some aspects of the spatial distribution in the CMIP5 and CMIP6 median projections
of late summer precipitation are similar (Figure 3, Rows 1 and 2), such as wetter
conditions at the end of the century (2070-2099) in the Northern Basin and Range
ecoregion, and drier conditions throughout the rest of the domain.

e Excluding areas in central Oregon where the CMIP6 models show a smaller decrease
than the CMIP5 models, the CMIP6 models project more decrease in late summer
precipitation than the CMIP5 models for 2010-2039 and 2040-2069 (Figure 3; Row 3)
By 2070-2099, the CMIP6 models project a larger decrease in late summer
precipitation than the CMIP5 models (Figure 3; Row 3).

e The CMIP6 model maximum projections a larger decrease in late summer
precipitation than the CMIP5 model maximum projections in 2010-2039 and
2070-2099. The differences in the model maximum projections are larger than the
differences in the median projections, suggesting that, in general, the model
maximum projections for the CMIP6 models are more extreme than the CMIP5
projections for the early and late time period (Figure 3; Row 4).


https://www.zotero.org/google-docs/?l6IITW
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Figure 2. First Row: Model (n=30) median percent change in average total winter precipitation (Oct - Mar) for the LOCA
downscaled CMIP5 data under a high greenhouse gas emission scenario (RCP 8.5) for 2010-2039, 2040-2069, and 2070-2099
relative to 1950-2010. Second Row: Same as the first row, but for the LOCA2 downscaled

CMIP6 model (n=25) data under a high greenhouse gas scenario (SSP585). Third Row: Difference in the model median
percent change in average total winter precipitation (Oct - Mar) difference between the LOCA downscaled CMIP5 data and
LOCA2 CMIP6 data under their relative high greenhouse gas emission scenarios for 2010-2039, 2040-2069, and 2070-2099
relative to 1950-2010. Fourth Row: Difference in the model maximum percent change in average total winter precipitation
(Oct - Mar) between the LOCA downscaled CMIP5 data and LOCA2 CMIP6 data under their relative high greenhouse gas
emission scenarios for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010.
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Figure 3. First Row: Model (n=30) median percent change in average total summer precipitation (July-September) for the
LOCA downscaled CMIP5 data under a high greenhouse gas scenario (RCP 8.5) for 2010-2039, 2040-2069, and 2070-2099
relative to 1950-2010. Second Row: Same as the first row, but for the LOCA2 downscaled CMIP6 model (n=25) data under a
high greenhouse gas scenario (SSP585) Third Row: Difference in the model median percent change in average total summer
precipitation (Jul-Sep) between the LOCA downscaled CMIP5 data and LOCA2 CMIP6 data under their relative high
greenhouse gas emission scenarios for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010. Fourth Row: Difference
in the model maximum percent change in average total summer precipitation (Jul-Sep) between the LOCA downscaled CMIP5
data and LOCA2 CMIP6 data under their relative high greenhouse gas emission scenarios for 2010-2039, 2040-2069, and
2070-2099 relative to 1950-2010.
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SUMMER AVERAGE TEMPERATURE

Both CMIP5 and CMIP6 models project increases in summer average temperature (June -
August) exceeding 10°F by the end of the century, with more warming east of the
Cascade Mountains relative to the coast (Figure 4; Rows 1 and 2). The CMIP6 model
median projects more warming than the CMIP5 model median across all regions, with
larger differences at the end of the century (Figure 4; Row 3).

e CMIP5 and CMIP6 model median projections both indicate increases in
temperature, with CMIP6 projecting more warming throughout most of the region.

e There are several prominent localized differences in model median projections
throughout the region and across all time periods (Fig 3, row 3) including a few areas
in coastal Oregon and northern California corresponding with the southern Cascade
Mountains and the Columbia River delta that show greater warming for the CMIP5
model median. Given that most of the region is quite a bit warmer in the CMIP6
models, it is unclear why these locations show less warming for CMIP6 compared to
CMIPS5. Further analysis is needed to understand the cause of these localized
differences.

e The differences in the model maximums (Fig. 4; Row 4) are considerably larger in
magnitude than the differences in the model medians. The model maximums
generally show substantially greater warming for CMIP6 relative to CMIP5 in early
and later time periods. As in the median projections, however, the CMIP6 maximum
projection is cooler than CMIP5 for parts of the Cascade Mountains and coastal
areas.
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Figure 4. First Row: Model (n=30) median change in average summer temperature (June-August) for the LOCA downscaled
CMIP5 data under a high greenhouse gas scenario (RCP 8.5) for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010.
Second Row: Same as the first row, but for the LOCA2 downscaled CMIP6 model (n=25) data under a high greenhouse gas
scenario (SSP585) Third Row: Difference in the model median change in average summer temperature (Jun-Aug) between the
LOCA downscaled CMIP5 data and LOCA2 CMIP6 data under their relative high greenhouse gas emission scenarios for
2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010. Fourth Row: Difference in the model maximum change in
average summer temperature (Jun-Aug) between the LOCA downscaled CMIP5 data and LOCA2 CMIP6 data under their
relative high greenhouse gas emission scenarios for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010.
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WINTER AVERAGE TEMPERATURE

Both CMIP5 and CMIP6 models project increases in winter average temperature
exceeding 8°F by the end of the century, with more warming east of the Cascade
Mountains relative to the coast (Figure 5; Rows 1 and 2). The CMIP6 model median
projects more warming than the CMIP5 model median across all regions, with larger
differences at the end of the century (Figure 5; Row 3). The differences between the
model medians are small relative to the magnitude of changes in the model
maximum (Figure 5; Row 4).

e The CMIP5 and CMIP6 model median projections show similar patterns of winter
temperature change throughout the century, with the greatest warming east of the
Cascade Mountains.

e The difference in the model median temperature change suggests that the CMIP6
models project more warming than the CMIP5 models for the Northern Rockies and
the Cascade Mountains for the 2070-2099 period (Fig 5, Row 3).

e The model maximum projected change varies considerably throughout the region
and across all time periods. The near-term differences are about 1-2°F.

e For mid-century, the CMIP6 model maximum projected change suggests less
warming than the CMIP5 model maximum in the Eastern Cascades and Foothills,
Columbia Plateau, Northern Basin and Range, Snake River Plain, and Canadian
Rockies ecoregions.

e By the end of the century, the CMIP6 model maximum is much warmer than the
CMIP5 model maximum throughout theNorthwest, except the Canadian Rockies,
Northern Basin and Range, and the Cascade Mountains ecoregions.

ANNUAL FROST DAYS

Both CMIP5 and CMIP6 models project decreases in the number of frost days throughout
the century (Figure 6; Rows 1 and 2). Substantial decreases in frost days become more
pronounced in areas that have historically experienced more frost days (e.g., high
elevation areas), with many mountainous areas projected to experience a decrease of
up to 100 frost days. The CMIP5 and CMIP6 model median projections of frost days are
similar across the region. Differences in maximum number of frost days between the
two CMIP model ensembles are up to about 40 days.

e Throughout the century, frost days are projected to decrease most to the east of the
Cascade Mountains, in part because coastal areas already experience few frost
days.

e Model median differences show that the CMIP6 models are generally warmer than
the CMIP5 models and have fewer frost days, particularly at the end of the century.
One exception is the Columbia Plateau, where the CMIP5 model median projects
modestly fewer frost days than the CMIP6 model median. Maximum change in the
CMIP6 models show up to 40 fewer annual frost days at the end of the century.
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CLIMATE PROJECTIONS OVERVIEW
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CMIP6 Model Median
(SSP585)

Temperature Change (°F)

Difference in Median
CMIP6-CMIP5
(SSP585 — RCP8.5)

Difference in Maximum
CMIP6-CMIP5
(SSP585 — RCP8.5)

Difference in Temperature Change (°F)

Figure 5. First Row: Model (n=30) median change in average winter temperature (December-February) for the LOCA
downscaled CMIP5 data under a high greenhouse gas scenario (RCP 8.5) for 2010-2039, 2040-2069, and 2070-2099 relative to
1950-2010. Second Row: Same as the first row, but for the LOCA2 downscaled CMIP6 model (n=25) data under a high
greenhouse gas scenario (SSP585) Third Row: Difference in the model median change in average winter temperature
(Dec-Feb) between the LOCA downscaled CMIP5 data and LOCA2 CMIP6 data under their relative high greenhouse gas
emission scenarios for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010. Fourth Row: Difference in the model
maximum change in average winter temperature (Dec-Feb) between the LOCA downscaled CMIP5 data and LOCA2 CMIP6
data under their relative high greenhouse gas emission scenarios for 2010-2039, 2040-2069, and 2070-2099 relative to
1950-2010.
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Figure 6. First Row: Model (n=30) median change in mean annual number of frost days for the LOCA downscaled CMIP5 data
under a high greenhouse gas scenario (RCP 8.5) for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010. Second
Row: Same as the first row, but for the LOCA2 downscaled CMIP6 model (n=25) data under a high greenhouse gas scenario
(SSP585) Third Row: Difference in the model median change in mean annual number of frost days between the LOCA
downscaled CMIP5 data and LOCA2 CMIP6 data under their relative high greenhouse gas emission scenarios for 2010-2039,
2040-2069, and 2070-2099 relative to 1950-2010. Fourth Row: Difference in the model maximum change in mean annual
number of frost days between the LOCA downscaled CMIP5 data and LOCA2 CMIP6 data under their relative high greenhouse
gas emission scenarios for 2010-2039, 2040-2069, and 2070-2099 relative to 1950-2010.
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CLIMATE PROJECTIONS OVERVIEW

IMPLICATIONS OF THE HIGHLY SENSITIVE CMIP6 MODELS

Three of the new CMIP6 models project excessive warming - above the maximum of the
very likely range in climate sensitivity (Intergovernmental Panel On Climate Change (IPCC),
2023) (CanESM5, HadGEM3-GC31-LL, HadGEM3-GC31-MM). We analyzed the effect of these
highly sensitive models on both the median and maximum model projections for each of
the above discussed metrics to determine how they might influence regional climate
projections. We averaged the projected changes for the full CMIP6 LOCA2 ensemble and
the CMIP6 LOCA2 ensemble with the three highly sensitive models removed for each
ecoregion (Figure1) and each metric.

Maximum temperature values are highly affected by the decision to include or
exclude the highly sensitive models in the ensemble. In contrast, median
temperature and precipitation values are relatively unaffected by the 3 highly
sensitive models. Therefore, the decision to include or exclude the highly sensitive
models is more important when considering the model maximum change and
temperature.

Model maximum projections with and without the highly sensitive CMIP6 models
vary considerably for temperature and less for precipitation.

e The maximum CMIP6 projection for the full model ensemble is warmer everywhere,
for both summer and winter temperature.

e The model maximum summer maximum temperature is about 5°F warmer in the
full ensemble for the Northern Rockies for the same time period and scenario.

e The largest difference in model maximum percent change in winter precipitation is
about 13% for the Canadian Rockies for the 2070-2099 time period under a high
scenario (ssp585), with the full ensemble showing larger increases.

e The maximum difference in percent change in summer precipitation is about 18%
for the Eastern Cascades Foothills for the 2070-2099 time period under a high
scenario (ssp585);the full ensemble model maximum shows a smaller decrease in
precipitation.

Model median projections are generally similar with and without the highly sensitive
CMIP6 models for all temperature and precipitation variables.

e The largest differences, for 2070-2099 and the high scenario (SSP585), show the full
ensemble projection is 3% wetter for cool season precipitation in southeast Idaho
and 7% wetter in the Klamath Mountains.

e The maximum difference for any temperature variable is about 0.6°F, regardless of
time period or scenario.
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Blue Mountains

Climate Projections

Historical

Climate Overview

The Blue Mountains are generally not as high in ‘
elevation nor as dense with peaks as the S
neighboring mountainous regions like the

Cascades. The climate has both continental and
Mediterranean influences, with warm, dry

summers and cold winters. Mean annual A
temperature and precipitation vary widely ‘ \

. .  ee— [E—
depending upon elevation. 0 6 70 s o 5 4 6 8 10 1
Historical Temperature (°F) Projected Temperature Change (°F)

2040-2069 2070-2099

Climate Projections

The median temperature change for 25 CMIP6
model projections for this region is spatially

uniform except for the southwestern Blue

Mountains, where there is slightly less warming.
Winters in the Blue Mountains are projected to
become warmer, and summers drier. The CMIP6
projections suggest more warming than the CMIP5
projections at the end of the century and less of a
decrease in late summer precipitation. The CMIP6
models also project more of an increase in cool
season precipitation than the CMIP5 models,
especially in the southwestern Blue Mountains.

Summer Maximum Temperature. Model median historical

(1950-2010) and change (2010-2039, 2040-2069, 2069-2099)
for a high (SSP585) scenario. Future projections show

increasing temperatures over the century, with slightly less

warming in the southwestern Blue Mountains. Data Source:

Localised Constructed Analogs v.2 LOCA2. Resolution: 6km

CMIP 6 (LOCA2) Temperature Projections [median (range)]
1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 60.2 +3.4 +3.9 +5.5 +7.5 +7.0 +12.3
(£1.8) (2.2 to 6.4) (2.1 to 6.9) (3.1 t0 9.3) (49t011.2) (431t010.2) (7.6 to 18.1)
Summer Tmax (°F) 78.2 +3.8 +4.1 +5.8 +8.3 +7.5 +13.3
(£2.6) (1.9to 7.3) (20t0 8.0) (3.3to11.3) (5.2to14.2) (4.1to 14.0) (7.1 to 22.1)
Winter Tavg (°F) 26.5 +2.5 +2.5 +4.4 +5.4 +5.6 +8.4
(£1.2) (0.6 to 3.6) (1.0to 4.1) (2.1 to 7.0) (3.2 to 8.8) (3.1 t0 9.1) (5.1 to 13.0)
Winter Tmax (°F) 35.9 +2.4 +2.3 +4.3 +5.5 +5.6 +8.9
(x1.4) (0.4 to 3.4) (0.7 to 4.2) (1.7 to 6.3) (2.7 t0 7.9) (2.7 to 8.3) (4.5t0 12.8)
Winter Tmin (°F) 17.1 +2.8 +2.8 +4.5 +5.5 +6.1 +9.4
(£1.3) (0.8 to 4.1) (1.2 to 5.5) (2.4 to 8.3) (3.5t09.8) (3.5t0 11.0) (5.5t0 15.5)
Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in
parenthesis are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase
6 (CMIP6). The historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum.
Shared Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/



https://loca.ucsd.edu/
https://loca.ucsd.edu/

Blue Mountains

Climate Projections

Overview of Ecoregion Trends fistorica 2010-2039

:‘1- Temperature

LV Warming is projected in all seasons across
the Blue Mountains, with the largest
increases projected in the summer.
Summer average temperature is
projected to increase by as much as 8°F
for the 2040-2069 period, and as much as
12°F by the end of the century under a

-30 -20 -10 O 10 20 30

i H Historical Precipitation (in) Projected Precipitation Change (%)
high (SSP585) scenario . S0A0-2069 5070.2099
‘- Precipitation
%0 Late summer total precipitation is

projected to decrease by as much as 12%
for the 2069-2099 period. Cool season
precipitation projections show an increase
in precipitation of 16%, with more of it
falling as rain. Confidence in projected
late summer precipitation change is lower

than cool season precipitation. Total Late Summer Precipitation. Model median historical
(1950-2010; Jul-Sept) and percent change for three future
mm) Growing Season periods (2010-2039, 2040-2069, 2069-2099) under a high
Growing degree days are projected to (SSP585) scenario. Future projections show decreasing late
summer precipitation across the northern Blue Mountains

more than double by the 2069-2099 period

under the high (SSP585) scenario. Frost throughout the century, and a slight increase for the

southernmost Blue Mountains in the 2069-2099 time period.

days are projected to decrease from 210 Confidence is low in projected changes in late summer
per year to fewer than 150 per year, on precipitation after the 2010-2039 period due to variability
average by the end of the century. among model. Data Source: LOCA2. Resolution: 6km

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 2.2in -13% -13%
Precipitation (1.3) (-34 to 18) (-34 to 89)
Cool Season 13.1in +4% +5% +10% +9% +9% +16%
Precipitation (+3.0) (-1to 13) (-4 to 16) (1to 18) (-4 to 26) (0 to 27) (1 to 30)
GDD (deg-days) 1286 +426 +559 +734 +1242 +972 +2173

(£758) (311to 838) (291to869) (464to 1281) (701 to 1558) (608 to 1553) (1146 to 2953)

Frost Days 210 -23 -24 -40 -52 -48 -82

(£14) (-37 to -14) (-42 to -16) (-69 to -28) (-85 to -38) (-92 to -37) (-131 to -63)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.
Data Source: https://loca.ucsd.edu/
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Canadian Rockies

Climate Projections

Climate Overview

The Canadian Rockies ecoregion consists of many
rocky outcrops and mountains with steep faces.
The climate is a mid-latitude, humid continental
one with a subarctic climate at high elevations.
Mean annual temperature varies by latitude, and
both temperature and mean annual precipitation
vary with elevation, with higher elevations being
colder and wetter.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the Canadian Rockies
ecoregion are spatially uniform and tend to be
warmer than the CMIP5 model projections at the
end of the century. The CMIP6 models project a
larger decrease in late summer precipitation than
the CMIP5 models and a greater increase in total
precipitation during the cool season. With
increasing temperatures, more precipitation will
fall as rain and the areas with subarctic climates
will decrease in size.

Historical 2010-2039

50 60 70 80 90 0 2 4 6 8 10 12
Historical Temperature (°F) Projected Temperature Change (°F)
2040-2069 2070-2099

N ‘ N

Summer Maximum Temperature. Model median historical
(1950-2010) and change (2010-2039, 2040-2069, 2070-2099)
under a high (SSP585) scenario. Projections show uniformly
increasing temperature over the century. Data Source:
Localised Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 50.1 +3.6 +3.8 +5.5 +7.7 +7.2 +12.3
(+1.8) (2.0to 7.5) (21t08.2) (3.7t010.2) (5.4t012.6) (4.1t011.5) (7.0to0 18.2)
Summer Tmax (°F) 64.1 +4.1 +4.1 +6.2 +7.9 +7.8 +12.8
(+2.6) (2.0 to 8.6) (20t09.5) (3.8to11.5) (5.5t014.7) (4.1to 14.4) (6.7 to 23.5)
Winter Tavg (°F) 11.8 +2.0 +2.5 ( +4.3 +5.4 +5.5 +9.1
(+1.6) (0.5 to 4.8) 0.4to 4.2) (2.1 to 6.6) (3.4 to 8.3) (3.3t09.0) (6.3t0 13.9)
Winter Tmax (°F) 20.7 +1.7 +2.1 +3.6 +4.8 +4.9 +7.6
(*1.7) (0.5 to 3.9) (0.3to0 4.2) (1.7 to 6.2) (2.8 to 8.3) (2.9t09.1) (5.2to 11.4)
Winter Tmin (°F) 2.8 +2.3 +2.6 +4.8 +6.0 +6.5 +10.5
(+1.8) (0.5 to 6.0) (0.4 to 5.1) (2.6 to 7.8) (3.9t0 10.0) (3.7t010.4) (7.4t0 16.7)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis
are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared

Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Canadian Rockies

Climate Projections

Historical 2010-2039

Overview of Ecoregion Trends

:‘1- Tempgra’gure | '

AV Warming is projected in all seasons across
the Canadian Rockies ecoregion, with the
largest increases projected for the
summer. Summer average temperature is
projected to increase by as much as 8°F
for the 2040-2069 period, and as much as
12°F for the 2070-2099 period. \

(‘) é 21 é é 10 12 14 -30 -20 -10 0 10 20 30
.. . Historical Precipitation (in) Projected Precipitation Change (%)
“ﬂ Precipitation 2040-2069 2070-2099
Q) Late summer precipitation is projected to ‘

decrease by as much as 20% by the end of
the century. Cool season precipitation is
projected to increase by 20%. Consistency
among models indicates high confidence
in the direction of change in precipitation,
but confidence in the magnitude of change
is lower due to the range among models.

i- Growmg Season . Total Late Summer (Jul-Sept) Precipitation. Model
Growing degree days are projected to . median historical (1950-2010) and percent change for three
more than double by the 2070-2099 period  fytyure periods (2010-2039, 2040-2069, 2070-2099) under a
under the high scenario (SSP585). Frost high (SSP585) scenario. Future projections show decreasing
days are projected to decrease from 269 late summer precipitation across the ecoregion, with a
days to fewer than 200 per year, on larger decrease in the southern portion. Confidence is low in
average, for the 2070-2099 period. projected changes in late summer precipitation after the

2010-2039 period. Data Source: LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 7.5in -6% -7% -9% -12% -21%
Precipitation (+2.6) (-30 to 4) (-31 to 4) (-24 to 5) (-34 to 10) (-41 to 9)
Cool Season 19.2in +5% +7% +9% +11% +13% +20%
Precipitation (+4.3) (-2to 15) (-1to 12) (2 to 30) (-1 to 33) (1 to 37) (5to 53)
GDD (deg-days) 368 +239 +266 +412 +652 +597 +1212

(x514) (136 t0 639) (142to 697) (263t0952) (405to 1254) (325to 1078) (624 to 2095)

Frost Days 269 -21 -24 -39 -50 -48 -78

(26310 278) (-44 to -14) (-47 to -15) (-65 to -24) (-78 to -37) (-76 to -36) (-121 to -61)

Historical precipitation (inches) and future changes in percent change relative to the historical values. The range is the model minimum
and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing degree-days
is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or below 32°F.
SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change. Standard
deviations may be greater than the average when the distribution is skewed. Data Source: https://loca.ucsd.edu/
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Cascades

Climate Projections

Climate Overview

The Cascade ecoregion is characterized by steep
ridges and river valleys to the west and a high
plateau to the east. The region has a mild to severe
mid-latitude climate with dry, warm summers and
mild or cool, very wet winters. The climate varies
by latitude and elevation, especially near the
volcanoes within this ecoregion.

Climate Projections

The projected median temperature change for 25
CMIP6 models for the Cascade ecoregion is
spatially uniform, and tends to be warmer than the
CMIP5 projections at the end of the century. The
median for the CMIP6 models suggests less
decrease in summer precipitation for 2010-2039,
but change similar to the CMIP5 model median at
the end of the century. Less precipitation will fall as
snow in Cascades in the future, leading to even
wetter winters and drier summers.
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Historical Temperature (°F)
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2070-2099
T

Projected Temperature Change (°F)

Summer Maximum Temperature. Model median historical
(1950-2010) and change (2010-2039, 2040-2069, 2070-2099) for

a high (SSP585) scenario. Future projections show increasing

temperatures, with slightly less warming in the southwest.
Data Source: Localised Constructed Analogs v.2 LOCA2.

Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 56.6 +3.0 +3.4 +4.8 +6.5 +6.5 +11.1
(+1.5) (2.0 to 5.3) (1.9to0 5.7) (3.5to 8.0) (5.0 to 9.5) (4.1 t0 9.4) (7.5t0 16.2)
Summer Tmax (°F) 70.9 +3.4 +3.8 +5.4 +7.0 +6.9 +12.0
(x2.5) (1.9 to 6.5) (22to7.0) ((3.6t010.0) (5.1t012.7) (3.9to12.4) (7.1 to 20.5)
Winter Tavg (°F) 31.1 +1.8 +2.1 +3.3 +4.3 +4.9 +7.2
(+1.0) (0.5to 3.3) (0.9 to 3.6) (1.9 to 5.6) (3.0to 7.4) (2.7 t0 7.8) (4.7 to 10.4)
Winter Tmax (°F) 38.1 +2.0 +1.9 +3.3 +4.5 +5.0 +7.7
(+1.3) (0.4 to 3.5) (0.6 to 3.8) (1.6to0 5.7) (2.6to 7.3) (2.4t0 7.8) (4.4to0 11.0)
Winter Tmin (°F) 24.2 +1.8 +2.0 +3.3 +4.3 +4.7 +7.1
(x1.0) (0.6 to 3.6) (1.0 to 4.0) (2.2to0 6.1) (3.1to0 7.6) (2.9to0 7.9) (5.0to0 11.2)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis
are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6).
The historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Cascades

Climate Projections

Overview of Ecoregion Trends

:‘1- Temperature

LV Warming is projected in all seasons across
the Cascades ecoregion, with the largest
increases projected for summer. Summer
average temperature is projected to
increase by as much as 7°F for the
2040-2069 period and as much as 11°F for
the 2070-2099 period.

.- Precipitation

%0 Late summer precipitation is projected to
decrease by as much as 19% by the
2070-2099 period, and cool season
precipitation is projected to increase by
6%. Due to the large model range,
confidence in cool season projections is
lower than for the summer projections,
especially for the high (SSP585) scenario .

mm) Growing Season o :

. . Total Late Summer )jul-Sept) Precipitation. Model median
Growing degree days are proJeCte(_j o more pictorical (1950-2010) and percent change. Future projections
than double by the 2070-2099 period for (50102039, 2040-2069, 2070-2099) for a high (SSP585)
this ecoregion under a high (SSP585) scenario show decreasing late summer precipitation across
scenario. Frost days are projected to the region with a greater decrease in the north. Confidence is
decrease from 171 per year until there are  low in projected changes after 2010-2039. Data Source:
fewer than 100 per year, on average, under Localised Constructed Analogs v.2 LOCA2. Resolution: 6km.

the high (SSP585) scenario.
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CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 5.0in -18 -17% -17 -22% -19 -16%
Precipitation (+2.8) (-32to 11) (-39 to 7) (-35to 14) (-43 to 2) (-43 to 15) (-63 to 29)
Cool Season 56.8in +4% +5%
Precipitation (*11.7) (-3to 14) (-3to 17)
GDD (deg-days) 951 +347 +414 +621 +904 +855 +1580

(+658) (264 to 683) (256to 701) (447 to 1085) (624to 1288) (534 to 1295) (1044 to 2459)

Frost Days 171 -22 -24 -43 -53 -53 -88

(£15) (-39to -13) (-42 to -18) (-68 to -29) (-80 to -42) (-88 to -38) (-120 to -66)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March.
Growing degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily
temperature is at or below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models
agree on sign of change. Data Source: https://loca.ucsd.edu/
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Coast Range

Climate Projections

Historical

Climate Overview

The Coast Range terrain is varied, with steeply
sloping dissected mountains, some hills, sand
dunes, and beaches. The climate is maritime with
warm, dry summers and mild, but very wet
winters. Mean annual temperature and
precipitation vary considerably due to the large
variation in latitudes and elevations.

~
o
Historical Temperature (°F)

Climate Projections

The model median temperature change for 25
CMIP6 models for the Coast Range shows greater
increases from the coast moving inland. Projected
warming is greater for CMIP6 compared to CMIP5
projections at the end of the century. The median
of the CMIP6 models also shows a larger decrease
in summer precipitation through the century
compared to the CMIP5 models. The CMIP5 and

Projected Temperature Change (°F)

CMIP6 models project similar changes in cool
season precipitation. Winters in the Coast Range
are projected to be wetter, and summers are

Summer Maximum Temperature. Model median historical
(1950-2010) and change (2010-2039, 2040-2069, 2070-2099)
for the high scenario (SSP585). Future projections show
increasing temperatures through the century, with less

projected to be drier in the future. warming in areas adjacent to the Pacific Ocean. Data Source:

Localised Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 58.4 +2.1 +2.4 +3.8 +5.1 +4.9 +8.3
(+1.3) (1.6 to 3.3) (1.4 to 3.9) (2.8t0 6.1) (4.0to 7.8) (3.9to 8.1) (6.7 to 13.8)
Summer Tmax (°F) 69.5 +2.3 +2.7 +3.9 +5.4 +5.1 +8.8
(+1.8) (1.6 to 3.8) (1.5to0 4.4) (2.8 t0 6.9) (4.0 to 8.6) (3.6 to0 8.9) (6.4 to 15.0)
Winter Tavg (°F) 40.3 +1.6 +1.8 +3.1 +3.7 +4.2 +6.4
(*1.1) (0.6 to 3.1) (0.9 to 4.0) (2.0 to 5.0) (3.0to 8.1) (2.6 to 6.8) (4.7t012.1)
Winter Tmax (°F) 47.3 +1.7 +1.9 +3.0 +3.8 +4.3 +6.3
(+1.2) (0.5 to 2.8) (0.7 to 3.5) (1.7 to 5.3) (2.8 to 6.0) (2.4to0 7.0) (4.4t010.4)
Winter Tmin (°F) 33.3 +1.6 +1.8 +3.2 +3.8 (2.8 to +4.4 +6.7
(*1.3) (0.6 to 3.3) (1.0 to 3.6) (2.3to 5.5) 6.7) (2.9to 7.3) (5.0t0 10.7)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in
parenthesis are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase
6 (CMIP6). The historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum.
Shared Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Coast Range

Climate Projections

Historical

Overview of Ecoregion Trends

:‘1- Tempgra’gure | '

AV Warming is projected in all seasons across
the Coast Range ecoregion, with the
largest increases projected for the
summer. For a high (SSP585), summer
average temperature is projected to
increase by as much as 5°F for the
2040-2069 period and by as much as 8°F 2040-2069
by the end of the century.

Historical Precipitation (in)

2070-2099

mm) Precipitation ?

‘.‘ In late summer, total precipitation is
projected to decrease by as much as 20%
by the end of the century. For the cool
season, the projections show an increase
in precipitation of 9%. The confidence in
changes in cool season precipitation is
greater than in late summer precipitation.

o
Projected Precipitation Change (%)

Total Late Summer (Jul-Sept) Precipitation. Model

mm) Growing Season median historical (1950-2010) and projected percent
For a high (SSP585) scenario, growing change. Future projections (2010-2039, 2040-2069,
degree days are projected to double by the 2070-2099) for a high (SSP585) scenario show decreasing
end of the century. Frost days are late summer precipitation, with a greater decrease
projected to decrease from an average of projected for the northern part of the ecoregion for the
63 per year to about 15-30 per year, on 2070-2099 period. Data Soqrce: Localised Constructed
average, for the 2070-2099 period. Analogs v.2 LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 5.1in -14% -15% -15% -23% -20%
Precipitation (+2.9) (-34 to 18) (-47 to 15) (-39to 17) (-43 to 0) (-47 to 19)
Cool Season 70.1in +6% +6% +5%
Precipitation (£14.7) (-4 to 16) (-12 to 16) (-3to 17)
GDD (deg-days) +1249 +375 +441 +710 +958 +937 +1694
(x747) (287 to 623) (266t0796) (469to 1177) (709to 1399) (685 to 1625) (1297 to 2379)
Frost Days 63 -14 -16 -27 -31 -35 -47

(£18) (-26 to -7) (-28 to -17) (-41 to -19) (-48 to -38) (-49 to -25) (-58 to -61)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March.
Growing degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily
temperature is at or below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models
agree on sign of change. Data Source: https://loca.ucsd.edu/
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Columbia Plateau

Climate Projections

Climate Overview

The Columbia Plateau ecoregion consists of
irregular plains and hills. The climate is dry and
desert-like with hot, dry summers and cold
winters. Mean annual precipitation is low,

especially in the western area of the ecoregion due

to the rain-shadow effect of the Cascade Range.
Most summer precipitation evaporates quickly
leaving little water for streams and reservoirs.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the Columbia Plateau
ecoregion is spatially uniform, and tends to be
warmer than for the CMIP5 model projections at
the end of the century. The CMIP6 models also
suggest a greater decrease in late summer
precipitation than the CMIP5 models for the
Columbia Plateau through the next century.
Summer in the Columbia Plateau is expected to
become more hot and dry.

Historical

50 60 70 80 90 0 2 4 6 8 10 12
Historical Temperature (°F) Projected Temperature Change (°F)

2040-2069 2070-2099

Summer Maximum Temperature. Model median
historical (1950-2010) and change (2010-2039, 2040-2069,
2070-2099) for a high (SSP585) scenario. Future projections
show increasing temperatures over the next century that is
spatially uniform over the Columbia Plateau. Data Source:
Localised Constructed Analogs v.2LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 67.0 +3.4 +3.8 +5.3 +7.2 +7.0 +12.0
(+1.7) (2.2to0 5.7) (2.1 to 6.2) (3.5to 8.5) (5.2t0 10.5) (4.2to0 10.2) (7.5t0 18.7)
Summer Tmax (°F) 82.4 +3.7 +3.9 +5.6 +7.5 +7.3 +12.4
(x2.4) (2.2t0 7.0) (24to79) (39to11.2) (5.3to014.5) (4.1to14.1) (7.1 to 22.5)
Winter Tavg (°F) 31.2 +2.4 +2.9 +4.7 +5.7 +5.9 +8.9
(+1.2) (0.7 to 4.4) (0.8 to 4.8) (2.3to7.1) (3.4t09.4) (3.3t09.7) (5.8to0 13.0)
Winter Tmax (°F) 38.5 +2.3 +2.7 +4.7 +5.7 +6.0 +8.9
(+1.4) (0.6 to 4.2) (0.7 to 4.8) (1.9 to 6.9) (2.9t0 9.0) (2.9t0 9.5) (5.1 to 13.6)
Winter Tmin (°F) 24.0 +2.5 +3.2 +4.5 +5.7 +5.9 +8.7
(*1.3) (0.5 to 4.6) (1.0 to 6.0) (2.6 to 8.9) (3.8t010.1) (3.6t011.6) (6.3to0 15.7)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared

Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Columbia Plateau

Climate Projections

Overview of Ecoregion Trends

:‘1- Temperature

LV Warming is projected in all seasons across
the region, with the largest increases
projected in summer. Summer average
temperature is projected to increase by as
much as 7°F for the 2040-2069 period,
and as much as 12°F for the 2070-2099
period under a high (SSP585) scenario.

Precipitation

Late summer precipitation is projected to
decrease as much as 24% for a high
(SSP585) scenario in the 2070-2099 period.
Cool season precipitation projections show
an increase in precipitation of as much as
16% for the 2070-2099 period. Compared
to other ecoregions, confidence is high
these projected precipitation changes.

mm) Growing Season
Growing degree days are projected to
double by the 2070-2099 period under a
high future scenario. Frost days are
projected to decrease from 125 per year
until there are fewer than 60, on average,
under the high scenario (SSP585).

Hi§torical
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Historical Precipitation (in) Projected Precipitation Change (%)

2040-2069

2070-2099

Total Late Summer (Jul-Sept) Precipitation. Model
median historical (1950-2010) and percent change in
total late summer precipitation for three future periods
(2010-2039, 2040-2069, 2070-2099) under a high
(SSP585) scenario. Future projections show decreasing
late summer precipitation across all of the Columbia
Plateau ecoregion, with slightly greater decrease
projected for the northern plateau. Data Source: LOCA2.
Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099

Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 1.4in -21% -22% -19% -23% -21 -24%
Precipitation (£0.9) (-33 to 8) (-42 to 18) (-39 to 18) (-47 to 4) (-48 to 24) (-65 to 59)
Cool Season 8.5in +4% +6% +8% +11% +10% +16%
Precipitation (*x2.1) (-4 to 13) (-2to 15) (2 to 23) (-8 to 24) (-1 to 30) (-2 to 30)
GDD (deg-days) 2247 +505 +559 +881 +1242 +1204 +2173

(£895) (368to 956) (360to796) (624to 1525) (865to1399) (812to 1958) (1468 to 2379)
Frost Days 125 -19 -21 -35 -45 -47 -70

(£15) (-34to -12) (-38 to -14) (-57 to -25) (-71 to -33) (-72 to -33) (-94 to -54)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March.
Growing degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily
temperature is at or below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Eastern Cascades Foothills

Climate Projections

Historical 2010-2039
. P o ‘ L @

Climate Overview

The Eastern Cascades Foothills terrain includes ;“
sloping mountains and high plateaus. The climate f‘
is more continental with greater temperature

are cold. The frost-free period is typically short,
especially on the high peaks, and the mean annual /
precipitation varies considerably with elevation.

Climate Projections L

The median temperature change for 25 CMIP6
model projections for the Eastern Cascades |
Foothills is spatially uniform, and tends to be y
warmer than the CMIP5 projections for the .y
2070-2099 period. The CMIP6 model median also KL |
projects a greater decrease in summer (
precipitation for 2010-2039 and 2040-2069
periods, but less of a decrease in the 2070-2099
period compared to the CMIP5 models, especially
in the south. With increased temperatures, the
frost-free period in the Eastern Cascades Foothills
will lengthen.

o . 4 70 € s

extremes than a maritime climate and less I | s=| )
precipitation. Summers are warm and dry; winters \ - || 60°s L ‘
E— 55 % I —

s

Projected Temperature Change (°F)

Summer Maximum Temperature. Model median historical
(1950-2010) and change under a high (SSP585) scenario.
Future projections show increasing temperatures over the
next century, with slightly less warming in the western
section of the region with higher elevation. Data Source:
Localised Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]
1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 60.0 +3.1 +3.7 +5.0 +7.2 +6.8 +11.8
(£1.7) (2.1 to 5.3) (2.1 to 5.8) (3.5t0 8.1) (4.9 to0 9.7) (3.9t0 9.7) (7.2 to 16.3)
Summer Tmax (°F) 77.8 +3.6 +3.8 +5.4 +7.5 +7.1 +12.0
(£2.5) (1.9 to 6.5) (2.1 to 6.7) (3.7t0 9.7) (5.0to12.1) (3.7to12.1) (6.9to 19.2)
Winter Tavg (°F) 29.0 +2.2 +2.6 +4.0 +4.9 +5.3 +7.8
(£1.1) (0.6 to 3.5) (1.0 to 3.8) (2.2 to 6.3) (3.2 to 8.2) (3.1 to 8.4) (5.3t0 12.1)
Winter Tmax (°F) 38.7 +2.2 +2.4 +4.1 +5.1 +5.3 +8.7
(x1.4) (0.4 to 3.4) (0.5 to 4.0) (1.8to 6.1) (2.5 to 8.0) (2.5 to 8.4) (4.5t0 12.5)
Winter Tmin (°F) 19.1 +2.5 +2.7 +4.0 +5.1 +5.7 +8.2
(£1.3) (0.9 to 4.0) (1.3t0 5.3) (2.6 to 8.0) (3.7t09.2) (3.6to0 10.0) (5.8t0 13.7)
Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in
parenthesis are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase
6 (CMIP6). The historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum.
Shared Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Eastern Cascades Foothills

Climate Projections

Historical 2010-2039

Overview of Ecoregion Trends .

:‘1- Temperature
rV A Warming is projected in all seasons across f
the Eastern Cascades Foothills, with the /
greatest increases projected for the
summer. Summer average temperature is \
projected to increase by as much as 7°F
for the 2040-2069 period, and as much as ( (
12°F for the 2070-2099 period under a 2040-2069 2070-2099
high (SSP585) scenario. | @ L@
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“ﬂ Precipitation
Q Late summer total precipitation is projected [
to decrease in the north and increase in the
south of the ecoregion. Projections of cool f
season precipitation show an increase of as
much as +9% under a high (SSP585)
scenario for the 2070-2099 period. /
Confidence is low in the projected changes ‘
in summer precipitation. Total Late Summer Precipitation. Model median
historical (1950-2010; Jul-Sept) and percent change in for
i- Growing Season three future periods (2010-2039, 2040-2069, 2070-2099)

Under a high (SSP585) scenario, growing under a high (SSP585) scenario. Future projections show
' decreasing late summer precipitation across the northern

. Foothills through the century and an increase for the
207,0'2099 period and frost days are southernmost Foothills for the end of the century.
projected to decrease from over 200 per Confidence is low in projected changes in late summer
year until there are 120 per year, on precipitation after the 2010-2039 period. Data Source:
average, by the end of the century. Localised Constructed Analogs v.2LOCA2. Resolution: 6km.
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degree days are projected to double by the

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 1.6in -12%
Precipitation (£1.2) (-34 to 28)
Cool Season 16.6in +6% +5% +9% +9%
Precipitation (+5.2) (0 to 14) (-9to 22) (-9to 19) (-3 to 25)
GDD (deg-days) 1281 +412 +491 +746 +1028 +968 +1767

(x733) (304to 724) (297to758) (526to1152) (714to1427) (574to 1462) (1119to 2703)

Frost Days 204 -23 -25 -42 -54 -53 -86

(£15) (-38 to -13) (-42 to -17) (-69 to -28) (-87 to -41) (-90 to -37) (129 to -65)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March.
Growing degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily
temperature is at or below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models
agree on sign of change. Data Source: https://loca.ucsd.edu/
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Ildaho Batholith

Climate Projections

Climate Overview

The Idaho Batholith ecoregion is a mountain
plateau with perennial snowfields and several
canyons. The climate is severe, mid-latitude, and
slightly continental. Summers are typically warm
and dry; winters are cold. Maritime influences
lessen in the southern end of the ecoregion
leading to less precipitation than in the north.

Climate Projections

The median temperature change for 25 CMIP6
models is spatially uniform for the Idaho Batholith
and tends to be warmer than for the CMIP5 model
projections in the 2070-2099 period. The CMIP6
model median shows less summer precipitation
for 2010-2039 compared to the CMIP5 projections,
but changes are similar to the CMIP5 projections
for the 2070-2099 period. With warming, perennial
snowfields are expected to recede and summers
are expected to become warmer and drier. Cool
season precipitation is projected to increase
slightly throughout the next century, falling more
as rain in lower and mid-elevations.
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Summer Maximum Temperature. Model median
historical (1950-2010) and change (2010-2039, 2040-2069,
2070-2099) for a high (SSP585) scenario. Future projections
show increasing temperatures through the century that are
spatially uniform over the Idaho Batholith ecoregion:
Localised Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 55.0 +3.6 +3.9 +5.8 +7.9 +7.2 +12.7
(+1.8) (2.4to0 7.0) (23to75 (3.2t010.1) (5.1t012.1) (4.2to011.0) (7.6t017.7)
Summer Tmax (°F) 73.4 +3.9 +4.1 +5.9 +8.1 +7.8 +13.4
(+2.5) (2.2t07.2) (21t079) (3.3to11.4) (53t013.9) (4.0to14.2) (7.3 to 22.5)
Winter Tavg (°F) 17.3 +2.4 +2.8 +4.6 +5.6 +6.1 +8.7
(+1.3) (0.9to0 4.2) (1.3to 3.9) (2.3t06.7) (3.6 t0 9.0) (3.6 t0 8.9) (6.4 to 13.5)
Winter Tmax (°F) 27.7 +2.1 +2.3 +3.9 +5.0 +5.3 +8.2
(+1.3) (0.5 to 3.6) (0.8 to 3.8) (1.7 to 5.7) (2.8to 7.6) (2.8t0 7.7) (4.7t012.1)
Winter Tmin (°F) 6.8 +3.2 +3.3 +5.2 +6.7 +7.1 +10.8
(x1.5) (1.3to 5.3) (1.7 to 4.8) (3.0to 7.8) (3.8t010.3) (3.9t0 10.7) (7.5t017.1)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared

Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/



https://loca.ucsd.edu/
https://loca.ucsd.edu/

Ildaho Batholith

Climate Projections

Overview of Ecoregion Trends

A
X g
» v a4

i‘

Temperature

Warming is projected in all seasons across
the Idaho Batholith, with the largest
increases projected in the summer.
Summer average temperature is
projected to increase by as much as 8°F
for the 2040-2069 period and as much as
13°F for te 2070-2099 period for a high
(SSP585) scenario.

Precipitation

Late summer total precipitation is
projected to decrease as much as 7% for
the 2070-2099 period for a high (SSP585)
scenario. Cool season total precipitation is
projected to increase as much as 13%.
Confidence is low in late summer
projections compared to the cool season
projections due to the large model range.

Growing Season

Under the high scenario (SSP585), growing
degree days are projected to triple by the
2070-2099 period, and frost days are
projected to decrease from 266 until there
are fewer than 200 per year, on average.
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Total Late Summer (Jul-Sept) Precipitation. Model
median historical and percent change in total late summer
precipitation for three future periods (2010-2039,
2040-2069, 2070-2099) under a high (SSP585) scenario.
Future projections show decreasing late summer
precipitation in the north through the century and a slight
increase in the south for the 2070-2099 period. Confidence
is low in projected changes in late summer precipitation
due to the large model range. Data Source: LOCAZ2.
Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 3.8in
Precipitation (*1.9)
Cool Season 20.9in +3% +4% +8% +7% +9% +13%
Precipitation (+5.2) (-2 to 14) (-3to 16) (1 to 20) (-8 to 25) (-2 to 24) (0 to 31)
GDD (deg-days) +720 +348 +418 +630 +888 +798 +1495
(x651) (239to 761) (222to785) (332to 1159) (552to 1436) (456to 1274) (905 to 2554)
Frost Days 266 -23 -26 -38 -52 -50 -80
(+13) (-45 to -16) (-47 to -17) (-69 to -29) (-84 to -39) (-85 to -37) (-129 to -63)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March.

Growing degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily
temperature is at or below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models
agree on sign of change. Data Source: https://loca.ucsd.edu/
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Klamath Mountains

Climate Projections

Historical

Climate Overview 73 "

The Klamath Mountain region includes
mountainous terrain and steep slopes, foothills
terraces, and floodplains. The climate is mild and
Mediterranean with warm summers that typically
have a long dry period and mild winters. Mean
annual precipitation varies greatly between the low
dry areas to the wetter high mountains. Mean
annual temperature and number of frost-free days
vary considerably with elevation.

Climate Projections

The median temperature change for 25 CMIP6
models for the Klamath Mountains ecoregion
generally shows more of increase to the north and
east and tends to be warmer than the CMIP5
projections at the end of the century. The CMIP6
model median suggests less summer precipitation
for 2010-2039 compared to CMIP5 projections, but
similar summer precipitation projections for the
model median for the 2070-2099 period. Summers
are projected to be warmer and drier, which is
expected to lead to longer drought periods.

Projected Temperature Change (°F)

Summer Maximum Temperature. Model median
historical (1950-2010) and change (2010-2039, 2040-2069,
2070-2099) under a high (SSP585) scenario. Future
projections show increasing temperatures through the
century, with slightly less warming in areas of the ecoregion
that are closer to the coast. Data Source: Localised
Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]
1950-2010 2010-2039 2040-2069 2070-2099

Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 62.1 +2.5 +3.1 +4.5 +6.2 +6.1 +9.9

(£1.5) (1.8 to 4.4) (2.0to 4.9) (3.2t0 7.1) (4.5 to 8.5) (3.9t0 9.1) (7.4to 14.4)
Summer Tmax (°F) 79.4 +3.0 +3.3 +4.7 +6.4 +6.0 +10.1

(£2.3) (1.6 to 5.4) (1.9 to 5.8) (3.4 to 8.6) (43t010.8) (3.4t010.7) (6.8t0 17.3)
Winter Tavg (°F) 36.0 +1.8 +2.0 +3.2 +4.2 +4.6 +6.7

(£1.0) (0.7 to 3.4) (1.0to 3.3) (2.0to 5.4) (3.1 to 7.0) (2.7t0 7.3) (4.8 to 10.8)
Winter Tmax (°F) 44.9 +1.8 +2.0 +3.3 +4.2 +4.7 +7.3

(£1.3) (0.4 to 3.4) (0.5 to 3.6) (1.7 to 5.4) (2.4 to 6.6) (2.3to 7.0) (4.3t010.4)
Winter Tmin (°F) 27.0 +1.7 +2.0 +3.2 +4.3 +4.5 +7.2

(£1.2) (0.8 to 3.5) (1.3 to 3.9) (2.3t0 5.8) (3.1to 7.5) (3.0to 7.7) (5.1to0 11.2)
Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Klamath Mountains

Climate Projections

Historical

Overview of Ecoregion Trends

:‘1- Temperature

LV Warming is projected in all seasons across
the Klamath Mountains ecoregion, with
the largest increases projected in the
summer. Summer average temperature is
projected to increase by as much as 6°F
for the 2040-2069 period, and as much as
10°F for the 2070-2099 period under a
high (SSP585) scenario.

o [ N w -J> w [=)] ~ ©
Historical Precipitation (in)

30

‘- Precipitation

%0 Late summer total precipitation is
projected to decrease as much as 15%,
and cool season precipitation projections
show an increase of 7% (2070-2099)
period. Both projections show low
confidence in their results.

o
Projected Precipitation Change (%)

|
w
o

t

Total Late Summer (Jul-Sept) Precipitation. Model
- Growing Season median historical and percent change for three future
periods (2010-2039, 2040-2069, 2070-2099) under a high
(SSP585) scenario. Future projections show decreasing late
summer precipitation across the western Klamath
Mountains ecoregion through the century and a slight

Growing degree days are projected to
double for the 2070-2099 period under a
high (SSP585) scenario. Frost days are

projected to decrease from 138 peryear on i, rease for the eastern Klamath Mountains in the
average until there are between 30-80 per 2070-2099 time period. Confidence is low in projected
year, on average, for the 2070-2099 period changes in late summer precipitation due to high model
under a high (SSP585) scenario. variability. Data Source: LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 2.2in -21%
Precipitation (x2.0) (-47 to 33)
Cool Season 48.5in
Precipitation (+13.8)
GDD (deg-days) 1673 +420 +479 +781 +1049 +1043 +1812
(x757) (306t0693) (311to724) (531to 1200) (721to 1537) (702to 1601) (1342 to 2826)
Frost Days 138 -21 -24 -40% -50 -51 -78

(£19) (-35to -13) (-38 to -18) (-61 to -28) (-74 to -40) (-77 to -36) (-102 to -61)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March.
Growing degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily
temperature is at or below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models
agree on sign of change. Data Source: https://loca.ucsd.edu/
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Middle Rockies

Climate Projections

Historical

Climate Overview R

The Middle Rockies ecoregion consists of high alpine ‘\
mountains with steep slopes, perennial snowfields,
glaciers, plateaus, and glacial basins. The climate is
humid and continental, with warm to cool summers ,’/
and cold winters. The mean annual temperature and
precipitation vary considerably by elevation due to |
the topographic complexity.

Climate Projections

The median temperature change for 25 CMIP6
models for the Middle Rockies ecoregion is mostly L
uniform across the ecoregion and tends to be )
warmer than the CMIP5 model projections for the /
2070-2099 period. The CMIP6 model median shows {
a greater contrast in summer precipitation changes
across the Middle Rockies than the CMIP5 models,
with a larger decrease in the north and more of an
increase in the south. With increasing temperatures,
winters will warm and more precipitation will fall as
rain in winter at low and mid-elevations, leading to
glacial and perennial snowfield recession.

2010-2039
T

50 60 70 80 92 0 2 4 6 8 10 12
Historical Temperature (°F) Projected Temperature Change (°F)

2040-2069 2070-2099
S T

\ ‘
Summer Maximum Temperature. Model median
historical (1950-2010) and change (2010-2039, 2040-2069,
2070-2099) for a high (SSP585) scenario. Projections show
increasing temperatures through the century for all of the
Middle Rockies ecoregion. Data Source: Localised
Constructed Analogs LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]
1950-2010 2010-2039 2040-2069 2070-2099

Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 54.9 +3.4 +3.9 +5.8 +7.8 +6.9 +12.3

(£1.8) (2.3 to0 6.3) (2.2t0 6.7) (3.0to0 9.1) (5.1t0 11.1) (4.2t0 10.2) (7.6 to 16.8)
Summer Tmax (°F) 72.1 +3.9 +4.0 +6.2 +7.9 +7.5 +13.4

(£2.4) (2.2to 7.3) (21to7.6) (29to10.6) (52to13.1) (4.2to 13.1) (7.4 to 21.4)
Winter Tavg (°F) 15.5 +2.3 +2.7 +4.3 +5.9 +5.9 +9.3

(£1.4) (1.0 to 3.8) (1.3 to 4.0) (2.2 to 6.6) (3.5 to 8.8) (3.5 to 8.8) (6.3t0 13.5)
Winter Tmax (°F) 26.8 +2.0 +2.1 +3.6 +4.9 +4.7 +8.2

(x1.4) (0.7 to 4.1) (1.0 to 4.3) (1.7 to 6.3) (2.7 to 7.6) (3.2t0 7.9) (4.7to 11.7)
Winter Tmin (°F) 4.2 +2.8 +3.0 +5.2 +7.0 +7.1 +11.4

(£1.6) (1.4 to 3.9) (1.5 to 4.6) (2.6 to 7.9) (3.8t0 10.5) (3.8to 10.4) (7.6 to 16.5)
Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Middle Rockies

Climate Projections

Historical 2010-2039
C T

Overview of Ecoregion Trends

A
\J <4
4.»- Tempgra’gure | '
LV Warming is projected in all seasons across
the region, with the largest increases
projected in summer. Summer average

temperature is projected to increase by as -

much as 8°F for the 2040-2069 period and — 1

as much as 12°F for the 2070-2099 period

Under the hlgh (SSPSSS) scena riO. ° Ijistoriéal Prescipitafion (;10) " 73?’roj;§$ed;gcipitoationlghan;g (%)30

2040-2069 2070-2099

‘- Precipitation
Q

Late summer total precipitation is
projected to decrease as much as 5% for
the 2070-2099 period under a high
(SSP585) scenario. Cool season
precipitation projections show an increase
in precipitation of 17%. Late summer
precipitation projections have lower
confidence than cool season projections.

Total Late Summer (Jul-Sept) Precipitation. Model
mm) Growing Season median historical (1950-2010) and percent change for
For the 2070-2099 period under a high three future periods (2010-2039, 2040-2069, 2070-2099)

SSP585 . ing d d for the high (SSP585) scenario. In the Middle Rockies
( . ) scenquo, growing degree days are ecoregion, future projections show late summer
projected to triple, and frost days are

precipitation decreasing in the north and increasing in the

projected to decreage from 258 days per south throughout the century. Confidence is low in
year on average until there are fewer than projected changes in late summer precipitation due to the
200 frost days per year on average large model range. Data Source: LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 4.3in
Precipitation (£1.9)
Cool Season 11.3mm +5% +5% +8% +9% +10% +17%
Precipitation (+2.6) (0to 13) (-4 to 15) (2 to 20) (2 to 29) (O to 24) (5to 39)
GDD (deg-days) 715 +343 +407 +638 +897 +790 +1503

(x643) (245to 674) (236to712) (298to 1067) (546to 1346) (465to 1235) (933 to 2508)

Frost Days 258 -23 -24 -38 -49 -50 -76

(£13) (-36to-16) (-39to-16) (-58 to -26) (-77 to -37) (-77 to -36) (-118 to -60)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.
Data Source: https://loca.ucsd.edu/
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North Cascades

Climate Projections

Climate Overview

The North Cascades ecoregion terrain consists of
high mountains and glaciated peaks. It includes a
variety of climatic zones, with a dry continental
climate in the east and mild maritime conditions in
the west. Summers are warm and dry; winters are
cold and wet. High elevations receive abundant
snowfall that feeds a high density of streams
during the spring and early summer.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the North Cascades
ecoregion are spatially uniform and tend to be
warmer than the CMIP5 projections at the end of
the century. The CMIP6 model median also shows
considerably less late summer precipitation than
the CMIP5 models, especially late in the century.
With warming temperatures, more winter
precipitation will fall as rain in the future.

Historical

50 60 70 80 90 0 2 4 6 8 10 12
Historical Temperature (°F) Projected Temperature Change (°F)

2040-2069 2070-2099

Summer Maximum Temperature. Model median historical
(1950-2010) and change (2010-2039, 2040-2069, 2070-2099)
under a high (SSP585) scenario. Future projections show
increasing temperatures over the next century throughout
the North Cascades. Data Source: Localised Constructed
Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 53.5 +3.1 +3.5 +5.1 +7.2 +6.7 +11.7
(+1.6) (2.0to0 6.7) (1.9to0 7.3) (3.6 t0 9.5) (5.3t011.3) (4.2to 10.5) (7.3to0 18.6)
Summer Tmax (°F) 66.4 +3.5 +4.1 +5.6 +7.6 +7.2 +12.3
(x2.4) (1.9to0 7.7) (22to84) (3.8to11.4) (5.4t014.8) (4.0to14.1) (7.0 to 23.3)
Winter Tavg (°F) 22.0 +2.2 +2.7 +4.5 +5.3 +5.7 +8.6
(+1.2) (0.9to 4.1) (1.0 to 4.0) (2.7 to 6.3) (4.0 to 8.1) (3.5t0 8.4) (6.3t012.1)
Winter Tmax (°F) 28.2 +2.0 +2.4 +4.1 +5.0 +5.4 +8.2
(+1.3) (0.8 to 3.7) (0.7 to 4.1) (2.2 t0 6.0) (3.3t07.7) (3.0 to 8.0) (5.5t0 12.5)
Winter Tmin (°F) 15.7 +2.5 +2.9 +4.8 +5.5 +6.3 +9.3
(£1.2) (0.7 to 4.9) (1.2to0 4.9) (3.1to0 7.3) (45t09.00 (3.9to010.2) (7.2to 15.6)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in
parenthesis are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase
6 (CMIP6). The historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum.
Shared Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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North Cascades

Climate Projections

Overview of Ecoregion Trends

:‘1- Temperature

LV Warming is projected in all seasons across
the North Cascades ecoregion, with the
largest increases projected for the
summer. Summer average temperature is

projected to increase by as much as 7°F i 4
for the 2040-2069 period and as much as P —
1 ZOF for the 2070_2099 per|0d under a Historical Precipitation (in) Projected Precipitation Change (%)

2040-2069 2070-2099

high (SSP585) scenario.

“ﬂ Precipitation

Q) Late summer total precipitation is
projected to decrease as much as 28% for
the 2070-2099 period. Cool season
precipitation projections show an increase
in by as much as 10%. Both late summer
and cool season precipitation projections

show confidence in their results. Total Late Summer Precipitation. Model median historical
(1950-2010; Jul-Sept) and percent change in for three future
mm) Growing Season periods (2010-2039, 2040-2069, 2070-2099) for a high
Under a high (SSP585) scenario, growing (SSP585) scenario. Future projections show decreasing late
degree days are projected to triple. Frost summer precipitation across the entirety of the North
davs are proiected to decrease from over Cascades ecoregion, with the largest magnitude decrease for
y projecte the 2070-2099 period. Confidence is high for both late
200 per year until there are fewer than 150 summer and cool season precipitation projections due to
pertyear, on average, by the end of the model agreement Data Source: LOCA2. Resolution: 6km.
century.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 6.6in -17% -16% -19% -25% -23% -28%
Precipitation (£3.1) (-37 to 21) (-47 to 15) (-43 to 14) (-46 to 0) (-52 to 18) (-53 to 33)
Cool Season 49.2in +4% +7% +7% +10% +11%
Precipitation (+9.6) (-4 to 15) (-1 to 14) (-7 to 18) (2to 21) (4 to 26)
GDD (deg-days) 613 +285 +331 +495 +764 +705 +1360

(£585) (194to 776) (188to796) (338to 1148) (520to1399) (420to 1288) (808 to 2379)

Frost Days 219 -21 -24 -38 -51 -50 -82

(£13) (-43 to -13) (-44 to -17) (-70 to -26) (-82 to -38) (-90 to -37) (-135to -61)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.
Data Source: https://loca.ucsd.edu/
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Northern Basin and Range

Climate Projections

Climate Overview

The Northern Basin and Range terrain consists of
tablelands, basins, plains, some mountains, and
valleys. The climate is arid with both steppe and
desert climates, hot summers, and cold winters.
Mean annual precipitation varies from minimal in
the low areas to considerable in the higher
mountainous areas.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the Northern Basin and
Range ecoregion is spatially uniform and tends to
be warmer than for the CMIP5 model projections
for the 2070-2099 period. The CMIP6 model
median is generally wetter and warmer than the
CMIP5 model median, regardless of season.
Increasing temperatures will lead to hotter
summers, warmer winters, and more precipitation
falling as rain in the winter in the higher elevation
areas.

Historical

2010-2039

L ——
50 60 70 80 90 0 5 10
Historical Temperature (°F) Projected Temperature Change (°F)
2040-2069 2070-2099

Summer Maximum Temperature. Model median historical
(1950-2010) and change (2010-2039, 2040-2069, 2070-2099)
under a high (SSP585) scenario. Future projections show
increasing temperatures through the century for the entire
Northern Basin and Range ecoregion. Data Source:
Localised Constructed Analogs LOCAZ2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 62.8 +3.5 +3.9 +5.6 +7.7 +6.9 +12.2
(+1.8) (2.3to0 5.3) (24t05.8) (3.2t08.5) (5.1t0 10.6) (4.1to 10.4) (7.6 t0 16.7)
Summer Tmax (°F) 81.0 +4.0 +4.2 +6.1 +8.2 +7.6 +12.9
(+2.5) (2.1t06.7) (2.2t0 7.1) (3.3t09.7) (5.2t012.0) (4.0to0 11.9) (7.3t0 19.2)
Winter Tavg (°F) 26.9 +2.7 +3.0 +4.5 +6.3 +6.2 +9.3
(+1.3) (0.9 to 4.6) (0.4 to 5.1) (2.2t07.2) (3.5t09.6) (3.4t09.7) (5.5t0 14.3)
Winter Tmax (°F) 37.5 +2.4 +2.6 +4.4 +6.3 +5.6 +9.3
(+1.4) (0.6 to 4.2) (0.8 to 4.8) (1.8 to 6.8) (2.7 to 8.4) (2.8 to 8.9) (4.5t0 14.3)
Winter Tmin (°F) 16.2 +3.3 +3.3 +5.3 +7.3 +7.0 +10.3
(+1.6) (1.2t0 4.9) (0.0 to 5.5) (2.6 to 8.6) (40to11.2) (4.0to11.1) (6.0to 17.4)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis
are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6).
The historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared

Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Northern Basin and Range

Climate Projections

Overview of Ecoregion Trends
Historical 2010-2039

:‘1- Temperature —
LV Warming is projected in all seasons across
the ecoregion, with the largest increases
projected in summer. Summer average —
temperature is projected to increase by as
much as 8°F for the 2040-2069 period and

as much as 12°F for the 2070-2099 period
under the high (SSP585) scenario.

-20 0 20
Historical Precipitation (in) Projected Precipitation Change (%)

2040-2069 ] 2070-2099

‘- Precipitation
Q

Late summer total precipitation is
projected to increase or decrease
depending on time period and scenario.
Cool season precipitation projections
show an increase in precipitation of as

much as 19% for the 2070-2099 period.

Confidence is low in the late summer Total Late Summer (Jul-Sept) Precipitation. Model
P median historical (1950-2010) and percent change for three
projections due to the large model range. '\ ds (2010-2039, 2040-2069, 2070-2099) for a high
- Growing Season (SSP585) scenario. Future projections show varied changes
Growing degree days are projected to in late summer precipitation across the Northern Basin and
double by the 2070-2099 period for the Range ecoregion through the next century. For the

2070-2099 period, projections show an increase in

i ) precipitation for the southern are of the Northern Basin and
scenario (SSP585). Frost days are projected  panoe ecoregion. Confidence is low in projected changes in

to decrease from 200 until there are fewer late summer precipitation due to a large model range. Data

than 150 per year, on average, under the Source: LOCA2. Resolution: 6km

high scenario (SSP585).

Northern Basin and Range under a high

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 1.6in
Precipitation (+0.1)
Cool Season 7.5in +4% +7% +11% +11% +11% +19%
Precipitation (+2.1) (-5 to 14) (-6 to 16) (3to 18) (1to 29) (-4 to 24) (4 to 32)
GDD (deg-days) 1584 +484 +551 +879 +1153 +1055 +1888

(+817) (343t0o790) (339to836) (505to 1315) (801to1731) (657 to 1742) (1271 to 3215)

Frost Days 201 -21 -24 -38 -47 -49 -78

(£15) (-34to-12) (-36to -13) (-62 to -25) (-83 to -34) (-85 to -33) (-124 to -59)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.
Data Source: https://loca.ucsd.edu/
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Northern Rockies

Climate Projections

Climate Overview

The Northern Rockies terrain is rugged, with high
and low mountains, narrow valleys, and deep
canyons. The climate is relatively dry and warm in

the summer with cold, snowy winters. Mean winter

temperature is below freezing, and the frost-free
period in the high elevations can be a matter of
only weeks. High elevations experience more

precipitation than lower eleva

tions.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the Northern Rockies is
spatially uniform and tends to be warmer than the
CMIP5 projections for the 2070-2099 period.
Compared to the CMIP5 model median, the CMIP6

model median shows more cool season

precipitation and less late summer precipitation,
especially for the southernmost sections of the
ecoregion. Frost days are expected to decrease
and more cool season precipitation will fall as rain.
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Summer Maximum Temperature. Model median
historical (1950-2010) and change (2010-2039, 2040-2069,
2070-2099) for the high (SSP585) scenario. Future

projections show spatially uniform increasing temperatures

over the century for the Northern Rockies. Data Source:

Localised Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 55.6 +3.6 +3.7 +5.5 +7.6 +7.2 +12.4
(+1.7) (1.9to 7.5) (1.9to8.2) (3.6t010.3) (53t012.6) (4.1to011.5) (7.2to0 18.8)
Summer Tmax (°F) 70.4 +3.9 +4.2 +5.9 +7.9 +7.6 +12.8
(+2.6) (2.0 to 8.0) (21t089) (3.8t011.9) (55t015.3) (4.0to 14.8) (6.8 to 24.4)
Winter Tavg (°F) 18.8 +2.1 +2.6 +4.4 +5.5 +5.9 +9.0
(+1.4) (0.7 to 5.4) (0.9 to 4.9) (2.6t07.1) (3.9t09.0) (3.6t0 8.7) (6.8t0 13.2)
Winter Tmax (°F) 254 +1.9 +2.3 +3.6 +5.0 +4.9 +7.9
(+1.5) (0.7 to 4.3) (0.7 to 4.1) (1.9 to 5.9) (3.1to0 7.8) (3.0to 8.1) (5.4t0 11.8)
Winter Tmin (°F) 12.1 +2.3 +2.9 +4.9 +6.1 +6.9 +10.3
(+1.6) (0.8 to 6.4) (1.1t0 5.7) (3.2t0 8.3) (4.5t010.6) (4.2to0 10.8) (8.0to 16.8)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Northern Rockies

Climate Projections

Historical 2010-2039

Overview of Ecoregion Trends 2
:‘1- Temperature
LV Warming is projected in all seasons across
the ecoregion, with the largest increases
projected for summer. Summer average
temperature is projected to increase by as
much as 8°F for the 2040-2069 period and
as much as 12°F by the end of the century
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for a high (SSP585) scenario.
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“ﬂ Precipitation

o For the 2070-2099 period, late summer
total precipitation is projected to decrease
as much as 19%, and cool season
precipitation projections show an increase
in precipitation of 17%. Both the late
summer and cool season projections have
confidence in their results.
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mmp Growing Season Total Late Summer Precipitation. Model median historical
Growing degree days are projected to (1950-2010; Jul-Sept) and change for three future periods
nearly triple by the 2070-2099 period for the (2010-2039, 2040-2069, 2070-2099) under a high (SSP585)
Northern Rockies under a high (SSP585) scenario. Future projections show decreasing late summer
scenario. Frost days are projected to precipitation across much of the Northern Rockies

decrease from 226 per year until there are throughout the century, with more of a decrease projected
fewer than 150 per year, on average, by the for the south. Confidence is generally high in projected

: . changes in late summer precipitation due to model
end of the century for a high scenario. agreement. Data Source: LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 5.7in -12% -13% -10% -19% -12% -19%
Precipitation (x2.2) (-28 to 3) (-33t09) (-28 to 5) (-41 to 0) (-40 to 8) (-47 to 24)
Cool Season 21.2in +6% +7% +8% +13% +17%
Precipitation (+4.3) (-2to 15) (1to 22) (-4 to 25) (1 to 26) (4 to 31)
GDD (deg-days) 799 +342 +378 +583 +884 +811 +1561

(x651) (224t0879) (202to0926) (400to 1281) (593to 1580) (474to 1414) (888 to 2640)

Frost Days 226 -22 -23 -42 -51 -51 -82

(£15) (-45to -13) (-45to -16) (-68 to -25) (-80 to -36) (-83 to -40) (-128 to -63)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.
Standard deviations may be greater than the average when the distribution is skewed. Data Source: https://loca.ucsd.edu/
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Puget Lowlands

Climate Projections

o ° Historical
Climate Overview Xy
The Puget Lowlands ecoregion is mostly low
elevation and consists of many islands, peninsulas,
and bays. The climate is mild and maritime with
warm, dry summers and mild, wet winters. Frosts
may occur, but snow is not common. Mean annual
precipitation varies considerably and increases
with elevation.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the Puget Lowlands is
spatially uniform and tends to be warmer than the
CMIP5 projections for the 2070-2099 period. Model
median winter precipitation projections are similar
but the CMIP6 model median projects a larger

decrease in summer precipitation than the CMIP5
models for the 2070-2099 period. With increasing
temperatures, more total precipitation is expected
in the winters and frosts are expected to become
even less frequent.

Projected Temperature Change (°F)

Summer Maximum Temperature. Model median historical
(1950-2010) and change (2010-2039, 2040-2069, 2070-2099)
for the high (SSP585) scenario. Future projections show
increasing temperatures throughout the region. Data Source:
Localised Constructed Analogs v.2 LOCA2. Resolution: 6km

CMIP 6 (LOCA2) Temperature Projections [median (range)]
1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 61.4 +2.6 +3.0 +4.6 +6.3 +5.8 +10.1
(£1.2) (1.8 to 5.6) (1.6 to 6.0) (3.2t0 8.2) (4.7 t0 9.7) (4.1 to 9.4) (7.0 to 16.5)
Summer Tmax (°F) 72.4 +3.0 +3.4 +4.8 +6.4 +6.3 +11.2
(£1.9) (1.6 to 6.3) (1.9to 7.0) (3.4t09.4) (49t012.2) (3.8t011.8) (6.5 to 20.2)
Winter Tavg (°F) 39.1 +2.1 +2.4 +4.1 +5.0 +5.4 +8.1
(£1.0) (0.6 to 3.9) (0.9to0 3.7) (2.4 to 6.0) (3.5t0 7.8) (3.0to 8.0) (5.8t0 11.3)
Winter Tmax (°F) 45.1 +2.0 +2.3 +3.8 +4.8 +5.4 +8.2
(£1.2) (0.7 to 3.6) (0.7 to 4.0) (2.0 to 6.0) (3.2t0 7.2) (2.8 to 8.3) (5.4to 12.5)
Winter Tmin (°F) 33.0 +2.1 +2.4 +4.2 +5.0 +5.4 +8.2
(x1.1) (0.5t0 4.8) (1.0 to 4.6) (2.5t0 7.1) (3.8t0 8.9) (3.2t0 9.7) (6.3to 14.1)
Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Puget Lowlands

Climate Projections

Overview of Ecoregion Trends
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Temperature

Warming is projected in all seasons across
the ecoregion, with the largest increases
projected for summer. Summer average
temperature is projected to increase by as
much as 6°F for the 2040-2069 period,
and as much as 10°F by the end of the
century under a high (SSP585) scenario.

Precipitation

Late summer total precipitation is
projected to decrease as much as 26% by
for the 2070-2099 period. Cool season
precipitation projections show an increase
9%. Confidence is high in precipitation
projections for both late summer and cool
season due to model agreement.
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Historical Precipitation

Projected Precipitation Change (%)

mm) Growing Season

Growing degree days are projected to
double for the 2070-2099 period in the
Puget Lowland ecoregion under the high
(SSP585) scenario. Frost days are projected
to decrease from above 50 per year until
there are fewer than 20 per year, on
average by the end of the century.

Total Late Summer Precipitation. Model median
historical (1950-2010; Jul-Sept) and percent change for
three future periods (2010-2039, 2040-2069, 2070-2099)
under the high scenario (SSP585). Future projections show
decreasing late summer precipitation across the Puget
Lowland ecoregion, especially to the south and east in the
2070-2099 time period.The confidence is high in later
summer precipitation changes for the Puget Lowland.
Data Source: LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099

Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 5.0in -18 -14% -21% -24% -23% -26%
Precipitation (x2.4) (-39 to 16) (-46to 11) (-43to 15) (-50 to 0) (-50 to 21) (-56 to 31)
Cool Season 37.7in +4% +6% +5% +8% +9%
Precipitation (x7.0) (-4 to 15) (-3to 15) (-9 to 18) (0 to 21) (-3 to 23)
GDD (deg-days) 1563 +449 +530 +823 +1175 +1141 +2046

(x860) (334to1088) (317to1130) (571to1742) (842 to2000) (800 to 1886) (1495 to 3418)
Frost Days 55 -14 -17 -27 -31 -33 -44

(x16) (-32 to -6) (-31to -9) (-44 to -18) (-49 to -23) (-49 to -22) (-54 to -34)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.

Data Source: https://loca.ucsd.edu/
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Snake River Plain

Climate Projections

Climate Overview

The Snake River Plain is low and gently-sloping,
consisting of valleys, plains, and low hills. The
climate is arid with steppe and desert climates, hot
summers, and cold winters. The mean annual
temperature is cooler in the eastern part of the
region, partially due to elevation. The mean annual
precipitation is low compared to surrounding
regions because of its relatively low elevation.

Climate Projections

The projected median temperature change for 25
CMIP6 models for the Snake River Plain is spatially L
uniform. End of the century projections tend to be
warmer than the CMIP5 projections. The CMIP6
model median suggests a larger decrease in late
summer precipitation for the 2040-2069 period,
but changes are similar to the CMIP5 model for the
2070-2099 period under the high scenario
(SSP585). Warmer temperatures are expected to
increase aridity in the region.
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Projected Temperature Change (°

Summer Maximum Temperature. Model median historical
(1950-2010) and projected change (2010-2039, 2040-2069,
2070-2099) for a high (SSP585) scenario. Future projections
show spatially uniform increasing temperatures for the
Snake River Plain through the century. Data Source: Localised
Constructed Analogs v.2 LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]
1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 66.8 +3.7 +4.0 +5.9 +7.9 +7.3 +12.4
(£1.9) (2.3t0 6.1) (2.4 to 6.6) (2.8 to 9.0) (5.1t011.1) (3.9to 11.0) (7.8t0 17.5)
Summer Tmax (°F) 84.1 +4.2 +4.1 +6.3 +8.3 +7.9 +13.3
(x2.4) (2.1 to 7.0) (23to74) (3.0to10.4) (53to12.7) (4.2to012.8) (7.8 to 20.4)
Winter Tavg (°F) 25.9 +2.9 +3.2 +5.0 +6.8 +6.6 +10.7
(£1.4) (1.4 to 4.5) (1.5 to0 4.8) (2.7 to 7.5) (4.1 to 9.8) (4.2 t0 9.7) (6.4 to 14.8)
Winter Tmax (°F) 35.5 +2.6 +3.0 +4.5 +6.5 +5.7 +10.3
(x1.4) (0.8 to 4.4) (1.0 to 4.3) (2.1t07.2) (3.4 t09.2) (3.4 to 9.4) (5.5t0 15.7)
Winter Tmin (°F) 16.3 +3.3 +3.7 +5.8 +8.2 +7.8 +12.3
(£1.6) (1.5t0 4.7) (1.3 to 5.4) (3.3 to 8.8) (4.7t0 11.5) (5.0to 12.3) (7.4 to 18.5)
Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069, and
2069-2099 values are the change in temperature for those 30-year periods relative the the historical period. Values in parenthesis are
measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Snake River Plain

Climate Projections

Overview of Ecoregion Trends fistrical g o 02

:‘1- Temperature

LV Warming is projected in all seasons across
the ecoregion, with the largest increases
projected for summer. Summer average
temperature is projected to increase by as

much as 8°F for the 2040-2069 period and  5440.2069
as much as 12°F by the end of the ,
century for a high (SSP585) scneario,
relative to the historical period.

‘- Precipitation
QO Late summer precipitation is projected to
increase or decrease depending on time
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period, location, and future scenario.
Confidence is low in these projections due
to model variability. Projections of cool Total Late Summer Precipitation. Model median historical
season precipitation show an increase of as (1950-2010) and percent change for three future periods
much as 20% by the end of the century (2010-2039, 2040-2069, 2070-2099) under a high (SSP585)
scenario. Late summer precipitation is projected to

i- Growing Season decrease across the northern Snake River Plain throughout

By the end of the century and under a high the century, with a slight increase for the southern Snake
River Plain in the 2070-2099 time period. Confidence is low

indicator of erowing season length. are in projected changes in late summer precipitation for all
& g gth, future time periods due to variability among models. Data

projected to double, and frost days are Source:Localised Constructed Analogs v.2 LOCA2.
projected to decrease from over 150 per Resolution: 6km.

year until there are fewer than 100 per year,
on average by the end of the century.

o
Projected Precipitation Change (%)

(SSP585) scenario, growing degree days, an

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 1.5in
Precipitation (£1.0)
Cool Season 6.9in +4% +6% +12% +11% +12% +21%
Precipitation (x2.0) (-2to 16) (-7 to 18) (2 to 25) (0 to 29) (-3 to 24) (3to 37)
GDD (deg-days) 2158 +588 +633 +998 +1300 +1274 +2120

(£930) (381t0930) (373t0990) (528to 1556) (904 to 2095) (713to2048) (1428 to 3695)

Frost Days 168 -18 -22 -34 -45 -48 -73

(£15) (-29 to -12) (-33to -12) (-57 to -25) (-73 to -31) (-78 to -31) (-114 to -54)

Historical precipitation (inches) and future percent change relative to the historical values. The range is the model minimum and model
maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing degree-days (GDD) is
the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or below 32°F.
SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on the sign of the change.
Data Source: https://loca.ucsd.edu/
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Southeastern Idaho

Climate Projections

Climate Overview

Southeastern Idaho combines parts of the
Wyoming Basin, Central Basin and Range, and
Wasatch and Uinta Mountains and generally has a
dry, mid-latitude steppe and desert climate.
Summers are warm to hot; winters are cold. Mean
annual precipitation and mean annual

temperatures vary considerably depending on the
elevation.

Historical 2010-2039

an i RO
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Historical Temperature (°F) Projected Temperature Change (°F)

Climate Projections

The median temperature change for 25 CMIP6
model projections in southeastern Idaho is

spatially uniform, and tends to be warmer than the

CMIP5 projections in the 2070-2099 period.
Precipitation projections between CMIP5 and
CMIP6 models are similar, but the CMIP6 models
project slightly wetter winters and summers. With
warming temperatures, precipitation is expected
to increase in the winters with more of it falling as

rain.

2040-2069

2070-2099

: Ami,

: Ami,

Summer Maximum Temperature. Model median
historical (1950-2010) and change (2010-2039, 2040-2069,
2070-2099) for the high (SSP585) scenario. Future
projections show increasing temperatures over the century
across the Southeastern Idaho ecoregion. Data Source:
Localised Constructed Analogs LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 61.5 +3.5 +4.0 +5.8 +7.8 +7.5 +12.1
(+1.8) (2.2to0 5.7) (2.4to06.1) (2.7 to 8.7) (5.1to0 10.5) (3.7to 10.5) (7.7 to 16.7)
Summer Tmax (°F) 79.0 +3.8 +4.3 +6.5 +8.1 +7.5 +13.3
(x2.4) (2.0 to 6.6) (24t07.2) (2.6 t0 9.5) (5.3t012.3) (3.4t011.6) (7.4 to 19.6)
Winter Tavg (°F) 19.0 +2.6 +3.0 +4.8 +6.3 +6.6 +10.7
(+1.4) (1.2to0 4.2) (0.9 to 4.6) (25t07.2) (3.9t0 9.5) (4.2t09.2) (6.7 to 14.4)
Winter Tmax (°F) 29.9 +2.3 +2.5 +3.9 +5.8 +5.4 +9.2
(+1.5) (0.5to 4.4) (0.8 to 4.2) (1.8t0 7.2) (3.0t09.2) (3.3t09.4) (5.4t0 12.6)
Winter Tmin (°F) 8.0 +29(1.4to +3.0(0.0to +6.1(3.1to +8.0 (5.0 to +8.0 (4.5 to +12.8 (8.0 to
(x1.7) 4.7) 5.3) 8.3) 11.7) 11.8) 19.1)

Summer is June-August and winter is December-February. The historical column shows the average temperature and 2010-2039,
2040-2069, and 2070-2099 values are the changes for those 30-year periods relative the the historical period. Values in parenthesis are
measures of historical variability and future model range for 25 models from the Coupled Model Intercomparison Project Phase 6
(CMIP6). The historical variability is the standard deviation over 1950-2010, and the future range is the model maximum and minimum.
Shared Socioeconomic Pathways (SSP)245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Southeastern Idaho

Climate Projections

Historical 2010-2039

Overview of Ecoregion Trends | |

:‘1- Temperature

LV Warming is projected in all seasons across
the region, with the largest increases & S
projected for summer. Summer average . .
temperature is projected to increase as ‘ ‘
much as 8°F for the 2040-2069 period and \ \

as much as 12°F for the 2070-2099 period — W — |
under the h|gh (SS P585) scena I’IO ’ HiitoricalzPrecipiiation (?n) ’ 733r0j;§€ed ;gcipitoationlghanéoe (%)30
2040-2069 2070-2099

‘- Precipitation | ;
%0 Late summer total precipitation is ‘
projected to increase as much as 10% in
the 2070-2099 period and cool season is |
projected to increase as much as 15% & B
during the same period. The confidence in e A A
the cool season projections is higher than ‘ ‘

late summer projections. ‘ \
Total Late Summer Precipitation. Model median

mmp Growing Season historical (1950-2010; Jul-Sept) and percent change in for
Growing degree days are projected to more three future periods (2010-2039, 2040-2069, 2070-2099)
than double in the 2070-2099 for under the high scenario (SSP585). Future projections

Southeastern Idaho under the high (SSP585) show increasing late summer precipitation across
scenario. Frost days are projected to southeastern Idaho throughout the next century.
decrease; from more than 200 per vear until Confidence is low in the projected changes in late
there are fewer than 150 days E)er))//ear on summer precipitation for every future period due to

variability among models. Data Source: LOCA2.
average by the end of the century. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 3.1in
Precipitation (x1.7)
Cool Season 10.6in +6% +5% +9% +8% +10 +15%
Precipitation (x2.9) (-2to 14) (-11 to 16) (-2to 19) (-1 to 27) (-7 to 23) (-3 to 38)
GDD (deg-days) 1393 +497 +528 +836 +1150 +1109 +1855

(£793) (348to 750) (335to806) (409to 1264) (756to1735) (567 to 1676) (1202 to 3191)

Frost Days 214 -18 -20 -33 -41 -40 -68

(£14) (-31to-12) (-31 to -14) (-52 to -22) (-70 to -30) (-72 to -30) (-111 to -52)

Historical precipitation is in inches and future changes are in percent change relative to the historical values. Range is the model
minimum and model maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing
degree-days is the total number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or
below 32°F. SSP245 is a low scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change.
Data Source: https://loca.ucsd.edu/
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Willamette Valley

Climate Projections

Historical 2010-2039
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Climate Overview

The Willamette Valley is mostly a low elevation '
valley with terraces and floodplains encompassed I
by rolling hills. The climate is Mediterranean, with
mild, wet winters and warm, dry summers. Mean
annual precipitation varies by elevation, with more
occurring in the mountainous foothills. Many rivers
join the Willamette River, entering this ecoregion
from the Cascades to the east and coastal hills to
the west.

Climate Projections

The median temperature change for 25 CMIP6
model projections for the Willamette valley is
spatially uniform and is warmer on average than
the CMIP5 projections for the 2070-2099 period. ’
The CMIP6 model median also projects less
summer precipitation for 2010-2039 compared to
the median for CMIP5 model projections but
changes are similar for the 2070-2099 period.
Warming temperatures will lead to wetter winter,
drier summers.

-
o
Historical Temperature (°F)

Projected Temperature Change (°F)

Summer Maximum Temperature. Model median
historical (1950-2010) and projected change for three
future periods ((2010-2039, 2040-2069, 2070-2099) under a
high (SSP585) scenario. Future projections show increasing
temperatures over the century, with slightly less warming
in the southern Willamette Valley. Data Source: Localised
Constructed Analogs LOCA2. Resolution: 6km.

CMIP 6 (LOCA2) Temperature Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Climate Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Summer Tavg (°F) 63.9 +2.7 +3.2 +4.7 +6.3 +6.1 +10.2
(+1.4) (1.8t04.7) (1.7 to 5.5) (3.4to0 7.6) (4.9 to 9.5) (4.4 to0 9.8) (7.9to 16.1)
Summer Tmax (°F) 77.7 +3.3 +3.6 +5.0 +6.9 +6.4 +11.2
(+2.2) (1.8 t0 5.6) (2.0to 6.4) (3.4t0 8.9) (49t011.2) (4.3to11.1) (7.6 to 18.6)
Winter Tavg (°F) 40.5 +1.8 +2.1 +3.3 +4.2 +4.7 +6.9
(x1.0) (0.6 to 3.4) (1.0 to 3.3) (2.1 to 5.5) (3.1to 7.0) (2.9to 7.5) (5.0to0 10.6)
Winter Tmax (°F) 47.2 +2.0 +2.2 +3.4 +4.3 +5.0 +7.1
(+1.2) (0.5t0 3.2) (0.9 to 3.8) (1.8t0 5.7) (3.0to 6.7) (2.6to 7.4) (4.7 t0 10.9)
Winter Tmin (°F) 33.7 +1.8 +2.1 +3.4 +4.1 +4.7 +7.1
(*1.1) (0.7 to 3.6) (1.1 to0 3.8) (2.4t05.7) (2.8to0 7.4) (2.8t0 7.6) (5.2t0 10.8)

Summer is June-August and winter is December-February. Historical values are the average temperature and 2010-2039, 2040-2069,
and 2069-2099 values are the change in temperature for those 30-year periods relative to the historical period. Values in parenthesis
are measures of historical variability future range for 25 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The
historical variability is the standard deviation over 1950-2010, and future range is the model maximum and minimum. Shared
Socioeconomic Pathway (SSP) 245 is a low scenario and SSP585 is a high scenario. Data Source: https://loca.ucsd.edu/
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Willamette Valley

Climate Projections

Overview of Ecoregion Trends

:‘1- Temperature

LV Warming is projected in all seasons across
the region, with the largest increases
projected for summer. Summer average
temperature is projected to increase as
much as 6°F for the 2040-2069 period,
and as much as 10°F for the 2070-2099 i
period for a high (SSP585) scenario.

Historical Precipitation (in)

o = N W A~ U O N

30

“ﬂ Precipitation

"0 Late summer precipitation is projected to
decrease as much as 20% by the end of
the century period. Projections of cool
season precipitation show an increase of
6% for the same period under a high
(SSP585) scenario. Little agreement
among models indicates less confidence i
in changes in cool season precipitation.

o
Projected Precipitation Change (%)

Total Late Summer (Jul-Sept.) Precipitation. Model
median historical (1950-2010) and percent change for
- Growing Season three future periods (2010-2039, 2040-2069, 2070-2099)

Under a high (SSP585) scenario, growing under a high (SSP585) scenario. Future projections show

: ' decreasing late summer precipitation across the

degree days are projected to double ],cor the Willamette Valley ecoregion, with the greatest decrease in
2070-2099 period. Frost days are projected the 2040-2069 period under a high (SSP585) scenario.
to decrease from 50 per year on average to  \odels generally agree on late summer precipitation
fewer than 20 per year on average. projections, so confidence in these projections is high.
Data Source: LOCA2. Resolution: 6km.

CMIP6 (LOCA2) Growing Season Projections [median (range)]

1950-2010 2010-2039 2040-2069 2070-2099
Variable Historical SSP245 SSP585 SSP245 SSP585 SSP245 SSP585
Late Summer 3.0in -18% -16% -21% -22% -20% -20%
Precipitation (£1.8) (-37 to 6) (-42 to 9) (-39 to 15) (-43 to -2) (-47 to 9) (-66 to 20)
Cool Season 38.1in +5% +5%
Precipitation (+8.1) (-5 to 18) (-5to 19)
GDD (deg-days) 2015 +497 +580 +916 +1241 +1167 +2069
(+884) (370to 869) (348t0910) (637to 1485) (901 to 1904) (889to 1964) (1673 to 3435)
Frost Days 50 -1 -15 -22 -27 -29 -39
(x15) (-25 to -5) (-26 to -8) (-39 to -16) (-46 to -16) (-46 to -19) (-51 to -29)

Historical precipitation ( inches) and future percent change relative to the historical values. Range is the model minimum and model
maximum change for 25 models. Late summer is July-September and the cool season is October-March. Growing degree-days is the total
number of degrees in a year that exceed 50°F. Frost days are days when minimum daily temperature is at or below 32°F. SSP245 is a low
scenario and SSP585 is a high scenario. Gray text indicates less than 80% of models agree on sign of change. Data Source:
https://loca.ucsd.edu/
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Blue Mountains

Hydrology Projections

Hydrology Description

The Blue Mountains ecoregion is in a mediterranean snow-rain hydrologic zone. Precipitation fal primarily in the
middle to high elevations during the winter. The stored winter snowpack feeds streams during the early spring as
temperatures increase and the snow melts.

1950-2010 Historical 2010-2039 High (RCP 8.5)

s0g 1552 ’ N\ _“5' J AN Projections: Snow Water
‘ | S Equivalent, Late Summer Runoff
) and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)

w
o

Snow Water Equivalent (in)

0402060 High (RCP 8.5) 2070-2099 High (RCP 8.5) runoff, and climatic moisture deficit (CMD) for three
g “TIF*™ ~ || ™ future periods. April 1 SWE is an indicator of water
Em 10 o ’ ‘w; o \7 stored in spring snowpack. Late summer runoff is
& B ; N ; an indicator of water available in the late summer
£ _30 T ! I : dry period. Climatic moisture deficit (CMD) is a
2 measure of water stress for vegetation. Increases in
g 50 CMD indicate /ess water available for vegetation and
§ . more ecological drought. Values in parenthesis are
z historical variability (standard deviation) and the
S _100 model range (maximum and minimum) for the
April 1st Snow Water Equivalent (SWE) for a historical period and future periods.
percent change for three future periods for a high (RCP 8.5) scenario.
April 1 SWE is projected to decrease in all areas of the Blue Mountains Late Summer
ecoregion that have April 1st SWE historically. Low elevations are Years  Scenario  April 1 SWE (JAS) Runoff
expected to have the largest decreases. By the end of the century, — - -
April 1st SWE is projected to decrease by 59% (range: -84 to -36) 1950-2010 Historical 3.2in 1.2in
relative to 1950-2010, for a high (RCP 8.5) scenario. (1.5t05.0) (0.74 to 1.56)
2020-2049 High -16% -19%
e _ + i _
ECOI’EQIOI’I Trends (RCIID 8.5) (-51 to+69) (-28t0-7)
2040-2069 High -42% -25%
mm) Late Summer (July-September) Runoff (RCP835)  (73to+14)  (4310-7)
2070-2099 Low —43% -17%

Summer runoff in the Blue Mountains ecoregion is

mainly influenced by snowmelt from high elevations. As (RCP4.5)  (-68t0+13)  (-39to +1)

temperatures increase in winter, less snow will be 2070-2099 High -59% -34%
available to melt in the late summer. By the end of the (RCP 8.5) (-84 to -36) (-50 to +0)
century, late summer runoff in the Blue Mountains
ecoregion is projected to decrease by 34% (range: -50 to : T : .
-0) relative to 1950-2010, for a high (RCP 8.5) scenario. Years SeonaicaC ot IMo s sinolicT:
1981-2010 Historical 0.83 inches

mmp Climatic Moisture Deficit (CMD) 2011-2040 High (SSP585) +12% (+8 to +22)
As the climate warms, CMD is projected to increase 2041-2070 Hi +20% (+15 to +36
across the Blue Mountains ecoregion, with the largest High (SSPS85) o ( ° )
increases projected for the lowest elevations of the Blue 2071-2100 Low (SSP245) +21% (+14 to +35)

Mountains. By the end of the century, CMD averaged for 2071-2100 High (SSP585) +33% (+24 to +52)
the ecoregion is projected to increase by about 33%
(range: +24 to +52) for a high (SSP585) scenario.




Blue Mountains

Hydrology Projections

Ecoregion Trends

&

Natural Streamflow

Oct

mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. For the Blue
Mountains ecoregion, watersheds are expected to
become more rain-dominant in the future. More
precipitation as rain during the wet season at low to mid
elevations is expected to increase streamflow in winter
and decrease streamflow in summer as snowpack
declines. Most watersheds in the ecoregion are classified
as mixed-rain-and-snow, for which streamflow patterns
are highly sensitive to increasing temperature.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for the Deschutes River is projected to decrease by about
33% (range: -64 to -12) by 2100, relative to 1981-2010, for
a high (RCP 8.5) scenario. Confidence is low in the
magnitude of change for the projections of 7Q2, but
confidence is high in the direction of change because all
models project a decrease.

Near-term Projections for a High Scenario (RCP 8.5)

Late Century (2070-2099) Projections for a Low and High Scenario

1 2020-2049
[0 2040-2069

ct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

0 Low (RCP 4.5)
[ High (RCP 8.5)

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Deschutes River Historical and Projected Future Monthly Streamflow:
The timing of peak annual flow is projected to shift from early summer to early
spring and winter. The black line is the simulated historical and dashed

lines are the

median hydrographs of 40 models. Shaded areas show

the 10th and 90th percentile range. Streamflow projections are
without withdrawals and regulation by dams.

Historical

1950-2010
-

2070-2099 Low (RCP 4.5)

-

| Rain Mixed
0.0 0.1 0.4 1.0
Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale, and
shown for all basins that intersect the ecoregion. The
projections show a general shift from mixed-rain-
and-snow watersheds to more rain-dominant
watersheds. The red dot in the upper-right map
denotes the location of the monthly hydrographs on
the Deschutes River.

Projections: Summer Low Flow

The table below shows model median values of
historical and projected change in summer low flows
(7Q2) in cubic feet per second (cfs) at a location on
the Fisher River. Summer low streamflow on the
Fischer River is projected to decrease through the
century. Summer low streamflow (7Q2) is an
indicator of water availability for aquatic habitat.
Values in parenthesis are historical variability
(standard deviation) and the model range (model
10th and 90th percentile) for three future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 2380 cfs (1310 to 3450)
2011-2040 High (RCP 8.5) -14% (-38 to -3)
2041-2070 High (RCP 8.5) -25% (-55 to -10)
2071-2100 Low (RCP 4.5) -20% (-58 to -6)
2071-2100 High (RCP 8.5) -33% (-64 to -12)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Canadian Rockies

Hydrology Projections

Hydrology Description

The Canadian Rockies ecoregion is in a mediterranean snow hydrologic zone. This ecoregion accumulates substantial
snow over the winter months at the high elevations. This snowpack feeds a large network of streams throughout the
spring and summer.

1950-2010 Historical 2010-2039 High (RCP 8.5)

90

Projections: Snow Water
Equivalent, Late Summer Runoff

~
ul

o
o

M | and Climatic Moisture Deficit
230 g | fj@‘%‘\nv o The tables below show model median values of
215 %g %ﬁ» A historical and projected change in April 1 snow
oL L ' |\ water equivalent (SWE), late summer (July - Sept.)
Lo 2040-2069 High (RCP 8.5) 2070-2099 High (RCP 8.5) runoff, and climatic moisture deficit (CMD) for three
g future periods. April 1 SWE is an indicator of water
% ~10 stored in spring snowpack. Late summer runoff is
S an indicator of water available in the late summer
s dry period. Climatic moisture deficit (CMD) is a
3 ” measure of water stress for vegetation. Increases in
g -50 4 N q a . .
b - — | ‘-:§g* CMD indicate /ess water available for vegetation and
2 0@ [ 8 more ecological drought. Values in parenthesis are
: 4 “

historical variability (standard deviation) and the
model range (maximum and minimum) for the
April 1st Snow Water Equivalent (SWE) for a historical period and future periods.

percent change for three future periods for a high (RCP 8.5) scenario.
April 1 SWE is projected to decrease for nearly all of the Canadian

-100

Rockies ecoregion, with larger decreases projected for the middle and Years Scenario April 1 SWE Late Summer
low elevations. By the end of the century, April 1st SWE averaged for (JAS) Runoff
the ecoregion is projected to decrease by 64% (range: -71 to -48) 1950-2010 Historical 19.2in 4.8in

relative to 1950-2010, for a high (RCP 8.5) scenario. Data is not

15.0 to 23.2 3.41t06.3
available for the eastern sections of the ecoregion. ( © ) 063)

2020-2049 High -52% -23%
. (RCP 8.5) (-58 to -49) (-34 to -15)
Ecoregion Trends 2040208 High  -56% 35%
(RCP 8.5) (-64 to -45) (-52 to -19)
) Late Summer (July-September) Runoff 2070-2099  Low _55% -33%
Late summer runoff in the Canadian Rockies ecoregion is (RCP 4.5) (-60 to -43) (-54 to -8)
mainly influenced by snowmelt from high elevations. As :
temperatures increase, less of this snow will be available AR (Rl —e4% ~90%
to melt in the late summer. By the end of the century, (RCP85) (71t0-48)  (-7410-25)
late summer runoff averaged for the ecoregion is
projected to decrease by 50% (range: -74 to -25) relative Years Scenario  Climatic Moisture Deficit
to 1950-2010, for a high (RCP 8.5) scenario. 1981-2010 Historical 0.16 inches
mmp Climatic Moisture Deficit (CMD) 2011-2040 High (SSP585) +14% (+8 to +62)
As the climate warms, CMD is projected to increase 2041-2070 High (S5P585) +41% (+13 to +146)

everywhere in the Canadian Rockies ecoregion, with
greater increases projected for low elevations. By the end 2071-2100 Low (SSP245) +43% (+3 to +130)
of the century, CMD for the Canadian Rockies is projected 2071-2100 Hi +89% (+42 to +235
to increase by 89% (range: +42 to +235) relative to eI 6 )
1981-2010, for a high (SSP585) scenario.
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Ecoregion Trends

mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Historically, most
watersheds in the Canadian Rockies ecoregion have
been classified as snow-dominant but are projected to
exhibit more mixed-rain-and-snow streamflow patterns
in the future. More precipitation as rain during the wet
season at low to mid elevations is expected to increase
streamflow in winter and decrease streamflow in
summer as snowpack declines.

Summer Low Streamflow (7Q2)

Summer (June - Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for the Elk River is projected to decrease by about 41%
(range: -71 to -18) by the end of the century relative to
1981-2010, for a high (RCP 8.5) scenario. Confidence is
high in the direction of change because all models
project a decrease in the future, but there is a wide
spread in the magnitude of projected changes.

Near-term Projections for a High Scenario (RCP 8.5)
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Elk River Historical and Projected Future Monthly Streamflow: The
timing of peak annual flow is expected to shift from summer to late
spring. The black line is the simulated historical and dashed lines are
the median hydrographs of 40 models. Shaded areas show the 10th
and 90th percentile range. Projections are without withdrawals and
dam regulation.

1950-2010 Historical Elk River
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BLS
NG

2040-2069

2070-2099  High (RCP 8.5)

| Rain Mixed Snow ‘
0.0 0.1 0.4 1.0
Watershed Classification: Ratio of peak annual
snow water equivalent to total October-March
precipitation. Data are summarized at the HUC8
basin scale and shown for all basins that intersect
the ecoregion. The projections show a general shift
from snow-dominant to mixed-rain-and-snow
streamflow patterns in the future. The red dot in the
upper-right map denotes the location of the monthly
hydrographs on the Elk River.

Projections: Summer Low Flow

The table below shows model median values of
historical and projected change in summer low flows
(7Q2) in cubic feet per second (cfs) at a location on
the Fisher River. Summer low streamflow on the
Fisher River is projected to decrease through the
century for both a high (RCP 8.5) and low (RCP 4.5)
scenario. Summer low streamflow (7Q2) is an
indicator of water availability for aquatic habitat.
Values in parenthesis are historical variability
(standard deviation) and the model range (model
10th and 90th percentile) for three future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 1329 cfs (1039 to 1620)
2011-2040 High (RCP 8.5) -23% (-43 to -10)
2041-2070 High (RCP 8.5) -33% (-58 to -16)
2071-2100 Low (RCP 4.5) -30% (-55 to -12)
2071-2100 High (RCP 8.5) -41% (-71 to -18)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Cascades

Hydrology Projections

Hydrology Description

The Cascades ecoregion is in a maritime snow-rain hydrologic zone, with snow falling primarily in the high elevations
durin. The stored winter snowpack feeds streams during the early spring as temperatures warm and the snow melts.

1950-2010 Historical 2010-2039 High (RCP 8.5)

90

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Climatic moisture deficit (CMD) is a
measure of water stress for vegetation. Increases in
CMD indicate /ess water available for vegetation and
more ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.

w S (=)}
o v o

Snow Water Equivalent (in)

-
v

2040-2069 High (RCP 8.5) 2070-2099

10

-10

-30

=50

=70

Snow Water Equivalent Change (%)

-100
April 1st Snow Water Equivalent (SWE) for a historical period and
percent change for three future periods for a high (RCP 8.5) scenario.
April 1st SWE is projected to decrease for all areas in the Cascades
ecoregion, with the largest decreases projected for the low to mid
elevations. By the end of the century, April 1st SWE averaged for the

Late Summer

Scenario (JAS) Runoff

Years April 1 SWE

ecoregion is projected to decrease by 75% (range: -89 to -50) relative 1950-2010 Historical 12.0in 5.4in
to 1950-2010,for a high (RCP 8.5) scenario. (7.4 t0 16.6) (3.61t07.2)
. 2020-2049 High -30% -28%
Ecoregion Trends (RCP85) (55106)  (51t0-16)
2040-2069  High -50% -38%
mm) Late Summer (July-September) Runoff (retas) ezl (el D 4l
Late summer runoff in the Cascades ecoregion is mainly 2070-2099  Low -57% -38%
influenced by snowmelt from high elevations. With (RCP4.5) (-77to-19) (-62 to -16)
increasing temperatures, less of this snow will be 2070-2099 High -75% -50%
available to melt in the late summer. By the end of the (RCP85) (-89 to -50) (-69 to -29)
century, late summer runoff averaged across the :
ecoregion is projected to decrease by 50% (range: -69 to
-29) relative to 1950-2010 (high scenario, RCP 8.5). Years Scenario  Climatic Moisture Deficit
1981-2010 Historical 0.43 inches

mmp Climatic Moisture Deficit (CMD)

As the climate warms, CMD is projected to increase
everywhere in the Cascades ecoregion, with largest
increases projected for the lowest elevations. By the end
of the century, CMD averaged for the ecoregion is
projected to increase by 56% (range: +33 to +79) relative
to 1981-2010 for a high (SSP585) scenario.

2011-2040 High (SSP585)
2041-2070 High (SSP585)
2071-2100 Low (SSP245)
2071-2100 High (SSP585)

+20% (+14 to +39)
+35% (+16 to +61)
+35% (+14 to +58)
+56% (+33 to +79)




Cascades

Hydrology Projections

1950-2010 Historical

Ecoregion Trends

‘ mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern 2020-2049
of streamflow throughout the year. Most watersheds in
the Cascades ecoregion had a mixed-rain-and-snow
streamflow pattern historically. With future warming,
more watersheds are expected to have a rain-dominant
streamflow pattern. More precipitation as rain during
the wet season at low to mid elevations is expected to
increase streamflow in winter and decrease streamflow
in summer as snowpack declines.

ngh (RCP 8.5)

2070-2099 _ High (RCP 8.5)

\l/ mmm) Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest ] Rain Mixed Snow |
7-day average ﬂqw th.at occurs on average every 2 years, 0.0 0.1 0.4 1.0
for the Cowlitz River, is projected to decrease by 54% Watershed Classification: Ratio of peak annual snow
(range: -89 to -38) by the end of the century relative to water equivalent to total October-March precipitation.
1981-2010 (high scenario, RCP 8.5). Despite a wide range  pjta are summarized at the HUCS basin scale, and
in the magnitude of projections, all models project shown for all basins that intersect the ecoregion. The
decreases, indicating high confidence in the change. projections show a general shift from mixed-rain-and-
snow watersheds to more rain-dominant watersheds

% 7000 Near-term Projections for a High Scenario (RCP 8.5) in the future. The red dot in the upper—right map

S E600 2020-2049 denotes the location of the monthly hydrographs on

= = 2040-2069 the Cowlitz River.

2 5000

% 4000

£ 3000 Projections: Summer Low Flow

w0

© 2000 The table below shows projected model median

351000 change values in summer (June-Sept.) low flows

2 %t TETRY e o ML - e o (7Q2) in cubic feet per second (cfs) at a location on
& oy Dee Jam ke ar Apr bay n Jul sAug SEp the Cowlitz River. Summer low streamflow on the

= 8000 Late Century (2070-2099) Projections for a Low and High Scenario Cowlitz river is projected to decrease through the

S 27000 = Low (RCP 4.5) century for both a high (RCP 8.5) and low (RCP 4.5)

2 6000 =3 High (RCP 8.5) scenario. Summer low streamflow (7Q2) is an

= indicator of water availability for aquatic habitat.

£ 2000 Values in parenthesis are historical variability

g 4000 (standard deviation) and the model range (model

& :23888 10th and 90th percentile) for three future periods.

©

% 1000 Years Scenario Low Flow (7Q2)

< Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 1981-2010 Historical 333 cfs (85 to 582)
Cowlitz River Historical and Projected Future Monthly 2011-2040 Hiah (RCP _2q0/ (. 22
Streamflow: The timing of Peak annual flow is expected to shift from 0112040 High (RCP 8.5) 38% (-69 10 -22)
summer to a more broad peak throughout the winter months. The 2041-2070 High (RCP 8.5)  -47% (-83 to -30)
black line is the simulated historical and dashed lines are the median

2071-2100 Low (RCP 4.5 -47% (-84 to -25

hydrographs of 40 models. Shaded areas show the 10th and 90th . ( ) o ( )
percentile range. Streamflow projections are without withdrawals and 2071-2100 High (RCP 8.5)  -54% (-89 to -38)

dam regulation.
Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Coast Range

Hydrology Projections

Hydrology Description

The Coast Range ecoregion is a maritime rain hydrologic zone. This ecoregion receives abundant precipitation in the
winter that falls mostly as rain with little snowpack. This leads to high winter streamflow and lower flows in spring
and summer, except some streams that are fed by snowmelt from the high elevations of the coastal mountains.

1950-2010 Historical 2020-2049 High (RCP 8.5)
— Projections: Snow Water

£20 \ 1
5 \ Equivalent, Late Summer Runoff
210 ) and Climatic Moisture Deficit
% 1.0 ! The tables below show model median values of
® historical and projected change in April 1 snow
305 T water equivalent (SWE), late summer (July - Sept.)

0oL | runoff, and climatic moisture deficit (CMD) for three

 2040-2069 High (RCP 8.5) 2070-2099 future periods. April 1 SWE is an indicator of water

Late Summer Runoff Change(%)

301

10

-10

-30

=50 I
-70

Late Summer (July-Sept.) Runoff for a historical period and projected
change for three future periods for a high (RCP 8.5) scenario. Late
summer runoff is expected to decrease, especially at the highest

stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Both spring snowmelt and summer
precipitation contribute to late summer runoff.
Climatic moisture deficit (CMD) is a measure of
water stress for vegetation. Increases in CMD
indicate less water available for vegetation and more
ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.

Late Summer

elevations in the ecoregon where snowmelt contributes substantially to Years Scenario  April 1 SWE (JAS) Runoff
surface water runoff into the summer. By the end of the century, late " —— : 3
summer runoff is projected to decrease by 33% (range:-47 to -18) 1950-2010 Historical 1 22.t6|r; 9 5 :',[0"; 9
relative to 1950-2010 for a high (RCP 8.5) scenario. (2 ) (2.0t03.9)
2020-2049 High -54% -22%
. (RCP 8.5) (-80to-23) (-34 to -8)
Eco region Trends 2040-2069  High -74% -26%
. . (RCP 8.5) (-93to-32) (-45 to -4)
_— ﬁpﬂ' '1s’|c§n(.7\:v Vélater Equv;Ient (SWE) . 20702099  Low 78% -26%
istorical April 1st Snowpack is this ecoregion is confine RCP 45 92 to -53 41 to -2
mainly to the higher elevations of the Olympic Mountains. ( - ) oo ) ( c: )
With future warming, seasonal snowpack is expected to 2070-2099 High -90% -33%
melt earlier in spring. By the end of the century, April 1st (RCP8.5) (-97to-64) (-47to-18)
SWE is expected to decrease by 90% (range: -97 to -64) - e - =
relative to 1950-2010, for a high (RCP 8.5) scenario. WEEE  eEEmEln  Clne e e DELE)
1981-2010 Historical 0.46 inches

mmp Climatic Moisture Deficit (CMD)

As the climate warms, CMD is projected to increase
throughout the ecoregion, with the greater increases
projected for the eastern Coast Range ecosection. By the
end of the century, CMD averaged for the ecoregion is
projected to increase by 46% (range: 32 to 61) for a high
(SSP585) scenario, relative to 1981-2010.

2011-2040 High (SSP585)
2041-2070 High (SSP585)
2071-2100 Low (SSP245)
2071-2100 High (SSP585)

+18% (+11 to +29)
+28% (+21 to +47)
+28% (+19 to +46)
+46% (+32 to +61)




Coast Range

Hydrology Projections

Ecoregion Trends
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Watershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. For the Coast Range,
watershed classifications are not expected to change
substantially in the future, but more precipitation during
the wet season and more precipitation as rain rather
than snow is expected to increase winter streamflow.
Because most of the precipitation in the region falls as
rain currently, the majority of watersheds in this
ecoregion are and will continue be rain-dominant.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow, the lowest 7-day
average flow that occurs on average every 2 years in
summer, for the Chehalis River is projected to decrease
by -9% (range: -18 to -3) by the end of the century
relative to 1981-2010 for a high (RCP 8.5) scenario.
Summer 7Q2 is an important indicator of water
availability for aquatic habitat during the dry period.

Near-term Projections for a High Scenario (RCP 8.5)
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Chehalis River Historical and Projected Future Monthly
Streamflow: Winter streamflow is projected to increase substantially
and spring streamflow is projected to decrease slightly. The black line
is the simulated historical and dashed lines are the median
hydrographs of 40 models. Shaded areas show the 10th and 90th
percentile range. Streamflow projections are without withdrawals and
regulation by dams.

1950-2010 Historical Chehalis Rivei

2020-2049 2040-2069

2070-2099 2070-2099

I Rain | Mixed | Snow |
0.0 0.1 0.4 1.0

Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion. The
projections show little change, as most watersheds
are already classified as rain-dominant. The red dot in
the upper-right subplot denotes the location of the
monthly hydrographs on the Chehalis River.

Projections: Summer Low Flow

The table below shows model median values of
historical and projected change in summer low flows
(7Q2) in cubic feet per second (cfs) at a location on
the Chehalis River. Summer low streamflow for the
Chehalis is projected to decrease modestly through
the century for both a high (RCP 8.5) and low (RCP
4.5) scenario. Values in parenthesis are historical
variability (standard deviation) and the model range
(model 10th and 90th percentile) for the listed
future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 504 cfs (285 to 723)
2011-2040 High (RCP 8.5) -5% (-10 to +0)
2041-2070 High (RCP 8.5) -8% (-16 to +0)
2071-2100 Low (RCP 4.5) -7% (-13 to -1)
2071-2100 High (RCP 8.5) -9% (-18 to -3)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Columbia Plateau

Hydrology Projections

Hydrology Description

The Columbia Plateau ecoregion is in a cold semi-arid and desert hydrologic zone and receives little annual
precipitation. Larger streams in this region receive rain and snowmelt from upstream head waters year-round.
Smaller streams are ephemeral, often becoming completely dry during the summer when precipitation is minimal.

1981-2010 Historical 2011-2040 High (SSP585)

Climatic Moisture Deficit (in)

Climatic Moisture Deficit Change (%)

-20
ol
Climatic Moisture Deficit (CMD) for a historical period and projected
change for three future periods for a high (RCP 8.5) scenario. CMD, an
indicator of drought stress for plants, has historically been greater at
low elevations in the ecoregion. By the end of the century, CMD
averaged for the ecoregion is projected to increase by 25% (range: +22
to +50) under a high (SSP585) scenario relative to 1981-2010. The
largest increases are projected for the eastern part of the ecoregion.

Ecoregion Trends

) Late Summer (July - September) Runoff

Late summer runoff is projected to increase slightly
through the century under both a low (RCP 4.5) and high
(RCP 8.5) scenario, with areas showing slight increases and
others slight decreases. By 2100, late summer runoff
averaged for the ecoregion is projected to increase by 3%
(range: -24 to 42) relative to 1950-2010, for a high (RCP 8.5)
scenario. Confidence is low in these changes because some
models project increases and others decreases.

mmp April 1st Snow Water Equivalent (SWE)

Historical (1950-2010) April 1st SWE in the Columbia
Plateau is already low and sensitive to changes in
precipitation, not just temperature, so confidence is low in
near-term projections. By the end of the century, April 1st
SWE is projected to decrease by 93% (range: -98 to -53)
relative to 1950-2010, for a high (RCP 8.5) scenario.

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values for
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July-Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of available water during the dry
season. CMD is a measure of moisture stress on
vegetation. Higher values and increases in CMD
indicate less water available for vegetation and more
ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.

Late Summer

Years  Scenario April 1 SWE (JAS) Runoff

1950-2010 Historical 0.3in 0.3in
(0 to 0.6) (0.1100.7)

2020-2049 High -55% +0%
(RCP 8.5) (-88to+54) (-19to +16)

2040-2069 High -76% -1%
(RCP 8.5) (-97 to -7) (-27 to +29)

2070-2099 Low -83% +5%
(RCP4.5) (-95t0+7) (-21to +34)

2070-2099 High -93% +3%

(RCP8.5) (98t0-53) (-24 to +42)

Years Scenario  Climatic Moisture Deficit

1981-2010  Historical 1.0 inches

2011-2040 High (SSP585)  +10% (+6 to +20)
2041-2070 High (SSP585)  +16% (+13 to +35)
2071-2100 Low (SSP245)  +17% (+12 to +34)
2071-2100 High (SSP585)  +25% (+22 to +50)




Columbia Plateau

Hydrology Projections

Ecoregion Trends
O“ m) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Watersheds in the
Columbia Plateau ecoregion are expected to become
more rain-dominant with increasing temperatures. More
precipitation falling as rain during the wet season at low
and middle elevations is expected to increase
streamflows in winter and decrease streamflows in
spring and summer.

\l/ mmm) Summer Low Streamflow (7Q2)

A Summer (June-Sept.) low streamflow (7Q2), the lowest
L average flow that occurs on average every 2 years, for

the Yakima River is projected to decrease by about 33%
(range: -64 to -12) by end of century relative to
1981-2010, for a high (RCP 8.5) scenario. Summer 7Q2 is
an indicator of availability for aquatic habitat during the
driest period. Confidence is high that summer low flows
will decrease given that all models project decreases.

E 14000 Near-term Projections for a High Scenario (RCP 8.5)
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Yakima River Historical and Projected Future Monthly
Streamflow: The timing of peak annual streamflow is expected to
shift earlier in spring with an increasing secondary peak in early
winter. The black line is the simulated historical hydrograph. Dashed
lines are the median hydrographs of 40 models, and shaded areas
show the 10th and 90th percentile range of all projections. Streamflow
projections are without withdrawals and regulation by dams.

1950-2010 Historical Yakima River

’ Rain Mixed Snow ‘

0.0 0.1 0.4 1.0
Watershed Classification: Ratio (model median) of
peak annual snow water equivalent to total
October-March precipitation. Data are summarized at
the HUCS8 basin scale and shown for all basins that
intersect the ecoregion. The projections show a
general shift from mixed-rain-and-snow basins to
more rain-dominant basins . The red dot in the
upper-right map denotes the location of the monthly
hydrographs on the Yakima River.

Projections: Summer Low Flow

The table below shows model median values of
historical and projected change in summer
(June-Sept) low flows (7Q2) in cubic feet per second
(cfs) at a location on the Yakima River. Summer low
streamflow for the Yakima is projected to decrease
modestly through the century, with a decrease of
-33% (range: -64 to -12) by the end of the century for
a high (RCP8.5) scenario. Values in parenthesis are
historical variability (standard deviation) and the
model range (model 10th and 90th percentile) for
the listed future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 2380 cfs (1310 to 3450)
2011-2040 High (RCP 8.5) -14% (-38 to -3)
2041-2070 High (RCP 8.5) -25% (-55 to -10)
2071-2100 Low (RCP 4.5) -20% (-58 to -6)

2071-2100 High (RCP8.5)  -33% (-64 to -12)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Eastern Cascades Foothills

Hydrology Projections

Hydrology Description

The Eastern Cascades ecoregion is in a maritime snow hydrologic zone. This ecoregion does not receive much snow,
but the hydrology is heavily influenced by upstream snowmelt form the Cascade Mountain Range during the spring
and summer.

25 L9502010 Historical 2020-2049 ‘ High (RCP 8.5) i i
Projections: Snow Water
£20 Equivalent, Late Summer Runoff
213 and Climatic Moisture Deficit
% 10 The tables below show model median values of
® historical and projected change in April 1 snow
305 water equivalent (SWE), late summer (July - Sept.)
ool runoff, and climatic moisture deficit (CMD) for three
 5040-2069 2070-2099 future periods. April 1 SWE is an indicator of water
. stored in spring snowpack. Late summer runoff is
%;; 0 an indicator of water available in the late summer
5 dry period. In the Eastern Cascades, spring
i snowmelt from the high elevations and summer
e precipitation contribute to spring and summer
T 30 streamflow. Climatic moisture deficit (CMD) is a
§ measure of water stress for vegetation. /ncreases in
P =50 CMD indicate /ess water available for vegetation and
5 I more ecological drought. Values in parenthesis are
-70 historical variability (standard deviation) and the
Late Summer (July-Sept.) Runoff for a historical period and model range (maximum and minimum) for the
projected change for three future periods for a high (RCP 8.5) future periods.
scenario. Late summer runoff is projected to decrease for most of the
Eastern Cascades ecoregion, except for the southeast. By the end of Years  Scenario April 1 SWE Late Summer
the century, late summer runoff is projected to decrease by 30% (JAS) Runoff
(range: -60 to +9) relative to 1950-2010 for a high scenario. 1950-2010 Historical 5.2in 0.7in
(27t07.8)  (0.5t00.9)
o 2020-2049 High -64% -17%
Ecoreg ion Trends (RCP 8.5) (-78to -39) (-36 to +1)
. . 2040-2069 High -75% -22%
- Ap:;l.f15t Snow Water EqUIk\Ia|ent (S\QIE) | (RCP 8.5) (-88to-53) (-52 to +2)
With future warming, snowpack is expected to melt o o
earlier in spring and a snowpack that persists until April AT Ly 7% ~i17%
1st will be increasingly rare. By the end of the century, (RCP4.5)  (-90 to -56) (-52to +3)
April 1st SWE averaged for the Eastern Cascades 2070-2099 High -86% -30%
ecoregion is expected to decrease by 86% (range: -94 to (RCP 8.5) (-94to-72) (-60 to +9)
-72) relative to 1950-2010, for a high scenario (RCP 8.5).
Years Scenario  Climatic Moisture Deficit
mmp Climatic Moisture Deficit (CMD) 1981-2010  Historical 0.94 inches
As the climate warms, CMD is projected to increase ) : +10% (+ +
throughout the Eastern Cascades ecoregion, with greater AR alEnEdess) 10% (+3 10 +15)
increases projected for the low elevations. By the end of 2041-2070 High (SSP585) +18% (+12 to +24)
the century, CMD averaged for the ecoregion is projected 2071-2100 +18% (+11 to +52
to increase by as much as 29% (range: +19 to +32) for a Lt (Elpre) 2 ° )
high (SSP585) scenario, relative to 1981-2010. 2071-2100 High (SSP585) +29% (+19 to +32)




Eastern Cascades Foothills

Hydrology Projections

Ve

Natural St

Ecoregion Trends

mm) \\Vatershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Watersheds in the
Eastern Cascades have historically exhibited
mixed-rain-and-snow streamflow patterns. Fewer
watersheds will exhibit this pattern in the future. More
precipitation during the wet season is expected to fall as
rain, increasing streamflows in winter, shifting peak
flows earlier in the spring, and decreasing flows in
mid-to-late summer.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years
for the Naches River is projected to decrease by 35%
(range: -79 to -8) by the end of the century relative to
1981-2010 (high scenario, RCP 8.5). Confidence is high in
this projection because all models project a decrease.

Near-term Projections for a High Scenario (RCP 8.5)

J

2020-2049
2040-2069
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Late Century (2070-2099) Projections for a Low and High Scenario
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Naches River Historical and Projected Future Monthly
Streamflow: The timing of peak annual flow is expected to shift from
early summer to a more broad peak during spring. The black line is the
simulated historical and dashed lines are the median hydrographs of
40 models. Shaded areas show the 10th and 90th percentile range.
Streamflow projections are without withdrawals and dam regulation

1950-2010 Historical

High (RCP 8.5)

Mixed

0.0 0.1 0.4
Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion. The
projections show a general change from mixed-rain-
and-snow to more rain-dominant watersheds in the
future. The red dot in the upper-right map denotes
the location of the monthly hydrographs on the

Naches River.

Projections: Summer Low Flow

The table below shows projected model median
change in summer low flows (7Q2) in cubic feet per
second (cfs) at a location on the Naches River.
Summer low streamflow is an important indicator of
water availability for aquatic habitat. Summer low
flows for the Naches River are projected to decrease
steadily through the century. Values in parenthesis
are historical variability (standard deviation) and the
model range (model 10th and 90th percentile) for
the three future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 460 cfs (225 to 696)
2011-2040 High (RCP 8.5) -15% (-48 to -2)
2041-2070 High (RCP 8.5) -25% (-70 to -5)
2071-2100 Low (RCP 4.5) -19% (-70 to -2)
2071-2100 High (RCP 8.5) -35% (-79 to -8)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Idaho Batholith

Hydrology Projections

Hydrology Description

The Idaho Batholith ecoregion is in a mediterranean snow hydrologic zone. This ecoregion accumulates considerable
snow over the winter, which feeds a large network of streams throughout the spring and summer as it melts.

Snow Water Equivalent Change (%)
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Projections: Snow Water
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April 1st Snow Water Equivalent (SWE) for a historical period and
percent change for three future periods for a high (RCP 8.5) scenario.
In the Idaho Batholith ecoregion, April 1st SWE is projected to
decrease considerably, with the largest decreases projected for the
low to middle elevations. By the end of the century, April 1st SWE
averaged for the ecoregion is projected to decrease by 48% (range:
-68 to -14) relative to 1950-2010, for a high (RCP 8.5) scenario.

Ecoregion Trends

mm) Late Summer (July - September) Runoff

As winter temperatures increase and snowpack melts
earlier, less snow will be available to melt and runoff
later in the summer in the Idaho Batholith ecoregion. By
the end of the century, late summer runoff is expected
to decrease by 55% (range: -81 to -33) relative to
1950-2010, for a high (RCP 8.5) scenario.

Climatic Moisture Deficit (CMD)

As the climate warms, CMD is projected to increase
everywhere in the Idaho Batholith ecoregion except at
the highest elevations and larger increases are projected
for the lowest elevations. By the end of the century, CMD
averaged for the ecoregion is projected to increase by
42% (range: +24 to +60) relative to 1981-2010, for a high
(SSP585) scenario.

Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Climatic moisture deficit (CMD) is a
measure of water stress for vegetation. Increases in
CMD indicate /ess water available for vegetation and
more ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for three
future periods.

Late Summer

Years Scenario April 1 SWE (JAS) Runoff
1950-2010 Historical 13.4in 3.5in
(9.4 to 17.8) (1.81t05.4)
2020-2049 High -12% -29%
(RCP 8.5) (-34 to +1) (-50 to -14)
2040-2069 High -25% -43%
(RCP 8.5) (-51to +8) (-71 to -22)
2070-2099 Low -24% -41%
(RCP4.5) (-49to +5) (-69 to -9)
2070-2099 High -48% -55%
(RCP 8.5) (-68to -14) (-81 to -33)
. Climatic Moisture
Years Scenario . .
Deficit
1981-2010 Historical 0.54 inches
2011-2040 High (SSP585) +12% (+8 to +23)
2041-2070 High (SSP585) +25% (+11 to +39)
2071-2100 Low (SSP245) +26% (+8 to +38)
2071-2100 High (SSP585) +42% (+24 to +60)




Idaho Batholith

Hydrology Projections

Natural Streamflow (cfs)

Natural Streamflow (cfs)

o3

Ecoregion Trends

—

Watershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Historically, most
watersheds in the Idaho Batholith ecoregion had a
snow-dominant streamflow pattern. In the future, more
watershed are projected to have a mixed-rain-and-snow
streamflow pattern with some rain-dominant watersheds
at the lowest elevations. More precipitation as rain
during the wet season at low to mid elevations, is
expected to increase streamflow in winter and decrease
flows in summer as spring snowpack declines.

Summer Low Streamflow (7Q2)

Summer (June - Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for Salmon River is projected to decrease by about 55%
(range: -81 to -28) by the end of the century relative to
1981-2010, for a high (RCP 8.5) scenario. Confidence is
high in projected decreases in summer low streamflow
because all models consistently project decreases.

Near-term Projections for a High Scenario (RCP 8.5)
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Salmon River Historical and Projected Future Monthly
Streamflow: The timing of peak annual flow is projected to shift from
early summer to spring. The black line is the simulated historical
hydrograph. Dashed lines are the median hydrographs of 40 models,
and the shaded areas show the 10th and 90th percentile range of all
projections. Streamflow projections are without withdrawals and
regulation by dams.
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Middle Fork Salmon River
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Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale, and
shown for all basins that intersect the ecoregion. The
projections show a general shift from snow-dominant
watersheds to more mixed-rain-and-snow
watersheds. The red dot in the upper-right map
denotes the location of the monthly hydrographs on
the Salmon River.

Projections: Summer Low Flow

The table below shows projected model median
change values in summer low flows (7Q2) in cubic
feet per second (cfs) at a location on the Salmon
River. Summer low streamflow is projected to
decrease considerably for the Salmon River
throughout the century. Summer low flow (7Q2) is
an important indicator of water availability for
aquatic habitat. Values in parenthesis are historical
variability (standard deviation) and the model range
(model 10th and 90th percentile) for the listed
future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 274 cfs (97 to 451)
2011-2040 High (RCP 8.5) -24% (-49 to -6)
2041-2070 High (RCP 8.5) -45% (-74 to -22)
2071-2100 Low (RCP 4.5) -39% (-65 to -13)
2071-2100 High (RCP 8.5) -55% (-81 to -28)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Klamath Mountains

Hydrology Projections

Hydrology Description

The Klamath Mountains ecoregion is in a maritime snow-rain hydrologic zone with rain falling primarily in the middle
to high elevations during the winter. The water stored in winter snowpack feeds streams during the early spring as
temperatures rise and the snow melts.

1950-2010 Historical 2020-2049 High (RCP 8.5)

2.5

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Climatic moisture deficit (CMD) is a
measure of water stress for vegetation. Increases in
CMD indicate /ess water available for vegetation and
more ecological drought. CMD is projected to
decrease throughout the century. Values in
parenthesis are historical variability (standard
deviation) and the model range (maximum and
minimum) for future periods.
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Late Summer (July-Sept.) Runoff for a historical period and projected
change for three future periods for a high (RCP 8.5) scenario. Most

watersheds show a decrease in late summer runoff, especially in the
north and east. By end of the century, late summer runoff is projected

Late Summer Runoff Change(%)

Late Summer

to decrease by 19% (range: -39 to +26) relative to 1950-2010. Years Scenario April 1 SWE
. . ! L . (JAS) Runoff
Confidence is low in these projections because some models project
increases and others project decreases. Data for late summer runoff is 1950-2010 Historical 2.5in 0.8in
not available for the southern Klamath Mountains ecoregion. (0.7 to 4.1) (0.5t0 1.1)
2020-2049  High -76% -13%
= RCP 8.5) (-90 to -41 -23 to +1
Ecoregion Trends (REPES) ) (@slord)
2040-2069  High -84% -18%
. . RCP 8.5) (-95 to -38 -35to +5
mmp April 1st Snow Water Equivalent (SWE) ( ) ) ) ) )
Future April 1st SWE is projected to decrease throughout AL L Rl ~ilefth
the century for both a low (RCP 4.5) and high (RCP 8.5) (RCP4.5) (971t0-62)  (-36to +25)
scenario. By end of the century under, April 1st SWE 2070-2099 High -96% -19%
averaged for the Klamath Mountains ecoregion is projected (RCP 8.5) (-100to-60) (-39 to +26)
to decrease by 96% (range: -100 to -60) relative to
1950-2010, for a high (RCP 8.5) scenario. Years Scenario  Climatic Moisture Deficit
mm) Climatic Moisture Deficit (CMD) 1981-2010  Historical 0-9inches
As the climate warms, CMD is projected to increase 2011-2040 High (SSP585) +10% (+6 to +14)

throughout the Klamath Mountains ecoregion, with
greater increases in the lowest elevations. By the end of
the century, CMD averaged for the ecoregion is projected
to increase by 27% (range: +14 to +31) relative to
1981-2010, for a high (SSP585) scenario.

2041-2070 High (SSP585)
2071-2100 Low (SSP245)
2071-2100 High (SSP585)

+18% (+10 to +20)
+16% (+11 to +20)
+27% (+14 to +31)




Klamath Mountains

Hydrology Projections

Ecoregion Trends

‘ mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Watersheds in the
Klamath Mountains are projected to become more
rain-dominant in the future, especially in the eastern
area of this ecoregion. More precipitation during the wet
season is expected to fall as rain in the middle elevations,
leading to larger flows in winter and lower flows in
mid-to-late summer.

\l/ = Summer Low Streamflow (7Q2)

A Summer (June-Sept.) low streamflow (7Q2), the lowest

A 7-day average flow that occurs on average every 2 years,
for the Rogue River is projected to decrease by 15%
(range: -54 to -5) by the end of the century, for a high
(RCP 8.5) scenario. Confidence is high in these projected
decreases in summer streamflow because all models
project a decrease.

Near-term Projections for a High Scenario (RCP 8.5)

1950-2010 Historical

2020-2049  High (RCP 8.5) 2040-2069  High (RCP 8.5)

2070-2099 Low (RCP 4.5) 2070-2099  High (RCP 8.5)

| Rain Mixed Snow |
0.0 0.1 0.4 1.0
Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion The
projections show a change from slightly more mixed-
rain-snow watersheds in the east to all rain-dominant
watersheds. The red dot in the upper-right map
denotes the location of the monthly hydrographs on
the Rogue River.

Projections: Summer Low Flow

The table below shows projected model median
change in summer low flows (7Q2) in cubic feet per
second (cfs) at a location on the Rogue River.
Summer low streamflow for the Rogue Rivers is
projected to decrease slightly throughout the
century for both a low and higher scenario. Summer
low streamflow (7Q2) is an indicator of water
availability for aquatic habitat. Values in parenthesis
are historical variability (standard deviation) and the
model range (model 10th and 90th percentile) for
the listed future periods.
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Rogue River Historical and Projected Future Monthly Streamflow:
The timing of peak annual flow is expected to shift from early summer
to a more broad peak throughout the winter months. The black line is
the simulated historical and dashed lines are the median hydrographs
of 40 models. Shaded areas show the 10th and 90th percentile range.
Streamflow projections are without withdrawals and dam regulation.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 524 cfs (159 to 890)
2011-2040 High (RCP 8.5) -8% (-25 to -1)
2041-2070 High (RCP 8.5) -13% (-40 to -4)
2071-2100 Low (RCP 4.5) -10% (-40 to -1)

2071-2100 High (RCP 8.5) -15% (-54 to -5)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Middle Rockies

Hydrology Projections

Hydrology Description

The Middle Rockies ecoregion is in a mediterranean snow hydrologic zone. This ecoregion accumulates substantial
snowpack over the winter, which feeds a large network of streams throughout the spring and summer as it melts.

- 1950-2010 Historical 2010-2039 High (RCP 8.5)
‘ {

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Climatic moisture deficit (CMD) is a
measure of water stress for vegetation. Increases in
CMD indicate /ess water available for vegetation and
more ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.
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April 1st Snow Water Equivalent (SWE) for a historical period and

percent change for three future periods for a high (RCP 8.5) scenario. Years  Scenario April 1 SWE Late Summer
In the Middle Rockies, all areas with historical April 1st SWE are (JAS) Runoff
projected to have a decrease in the future. By the end of the century, 1950-2010 Historical 7.7in 1.2in
April 1st SWE averaged for the ecoregion is projected to decrease by 5.3 t0 10.1 081t01.6
68% (range: -78 to -50) relative to 1950-2010, (high scenario, RCP 8.5). (5:3t010.1) (0810 16)
2020-2049 High -54% -16%
. (RCP 8.5) (-61 to-48) (-33 to -6)
Ecoregion Trends 20402069  High -59% -24%
(RCP8.5) (-67t0-47)  (-481t0-8)
mm) Late Summer (July-September) Runoff 20702099  Low -58% 22%
Late summer runoff is projected to decrease in the (RCP 4.5) (-66 to -48) (-48 to -5)
Middle Rockies ecoregion through the century for both a 2070-2099 el -68% 31%

low (RCP 4.5) and high (RCP 8.5) scenario. As
temperatures increase, less snowpack will be available to
melt and supply streams with water in late summer. By

(RCP85) (-78t0-50)  (-60to-8)

the end of the century, late summer runoff averaged for Years Scenario Climatic Moisture

the ecoregion is projected to decrease by 31% (range: -60 Deficit

to -8) relative to 1950-2010 (high scenario, RCP 8.5). 1981-2010 Historical 0.51 inches
mm) Climatic Moisture Deficit (CMD) 2011-20408 High (SSPE68) 12761810425

As the climate warms, CMD is projected to increase 2041-2070 High (SSP585) +27% (+14 to +45)

everywhere in the Middle Rockies, with the greater 2071-2100 Low (SSP245) +28% (+10 to +45)

increases projected for the low elevations. By the end of
the century, CMD averaged for the ecoregion is projected | 2071-2100 High (SSP585)  +45% (+27 to +69)
to increase by 45% (range: +27 to +69) relative to
1981-2010, for a high (SSP585) scenario.




Middle Rockies

Hydrology Projections

Ecoregion Trends

‘ mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Historically, most
watersheds in the Middle Rockies ecoregion had
snow-dominant streamflow patterns. With future
warming, more watersheds in this ecoregion will have
mixed-rain-and-snow streamflow patterns. More
precipitation as rain during the cold season is expected
to shift snowmelt and runoff earlier in spring in
watersheds at low and middle elevations. Colder, high
elevation watersheds will remain snow-dominated.

\l/ mmm) Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest

C e — o o

7-day average flow that occurs on average every 2 years
for the Jackson Lake Inflow, is projected to decrease by
about 18% (range: -50 to -4) by the end of the century,
relative to 1981-2010, for a high (RCP 8.5) scenario.
Through mid-century (2041-2070), confidence is high in
projected decreases in summer low streamflow because
all models project a decrease.

:‘E 9000 Near-term Projections for a High Scenario (RCP 8.5)

58000 2020-2049

= 7000 I 2040-2069

< 6000

€ 5000

0 4000

& 3000

© 2000

51000

B 0

=

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Late Century (2070-2099) Projections for a Low and High Scenario

¥ 10000

S mm Low (RCP 4.5)
= 80001 [ High (RCP 8.5)
kel

€ 60001 \

©

g S

& 4000 S

O 2000/

=}

4{_!0 — —

=z

Feb Mar Apr May Jun Jul Aug Sep
Jackson Lake Inflow Historical and Projected Future Monthly
Streamflow The timing of peak annual flow is projected to shift from
summer to late spring. Summer flows are projected to decrease,
especially by the end of the century. The black line is the simulated
historical and dashed lines are the median hydrographs of 40
models. Shaded areas show the 10th and 90th percentile range.
Projections are without withdrawals and regulation by dams.
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| Rain Mixed Snow |
0.0 0.1 0.4 1.0
Watershed Classification: Ratio of peak annual
snow water equivalent to total October-March
precipitation. Data are summarized at the HUC8
basin scale and shown for all basins that intersect the
ecoregion. The projections show a general shift from
snow-dominant streamflow patterns to more
mixed-rain-and-snow watersheds. The red dot in the
upper-right map denotes the location of the monthly
hydrographs for the Jackson Lake Inflow.

Projections: Summer Low Flow

The table below shows projected model median
change in summer low flows (7Q2) in cubic feet per
second (cfs) at a location on the Jackson Lake Inflow.
Summer low streamflow is projected to decrease
steadily throughout the century for the Fisher River
for both a high (RCP 8.5) and low (RCP 4.5) scenario.
Summer low flow (7Q2) is indicator of water
availability for aquatic habitat during the driest
period. Values in parenthesis are historical
variability (standard deviation) and the model range
(model 10th and 90th percentile) for future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 778 cfs (679 to 877)
2011-2040 High (RCP 8.5) -8% (-20 to +0)
2041-2070 High (RCP 8.5) -13% (-37 to -5)
2071-2100 Low (RCP 4.5) -14% (-33 to -5)

2071-2100 High (RCP 8.5) -18% (-50 to -4)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

North Cascades

Hydrology Projections

Hydrology Description

The North Cascades ecoregion is in a maritime snow hydrologic zone. The high elevations of this ecoregion receive
abundant snow that melts and feeds a high density of streams during the spring and early summer. The projected
changes in spring snowpack and associated changes to streamflow in the ecoregion will affect downstream

ecoregions, as well as the effects within this ecoregion.
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April 1st Snow Water Equivalent (SWE) for a historical period and
percent change for three future periods for a high (RCP 8.5) scenario.
By the end of the century, April 1st SWE averaged for the ecoregion is
projected to decrease by 68% (range: -78 to -29) relative to 1950-2010
for a high (RCP 8.5) scenario. Data is unavailable for the northwestern
part of the ecoregion.

Ecoregion Trends

mm) Late Summer (July-September) Runoff

Summer runoff in the North Cascades ecoregion is
mainly influenced by snowmelt from high elevations.
With increasing temperatures, snowpack will decline and
less snow will be available to melt in late summer. By the
end of the century, late summer runoff in the ecoregion
is projected to decrease by 64% (range: -74 to -33)
relative to 1950-2010, for a high (RCP 8.5) scenario.

mmp Climatic Moisture Deficit (CMD)

As the climate warms, CMD is projected to increase across
the North Cascades ecoregion, with the largest increases
expected at the lowest elevations. By the end of the
century, CMD averaged for the ecoregion is projected to
increase by 66% (range: +48 to +141) relative to 1981-2010,
for a high (SSP585) scenario.

Projections: Snow Water

Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. In the North Cascades ecoregion, spring
snowpack contributes substantially to spring and
summer streamflow. Climatic moisture deficit (CMD)
is a measure of water stress for vegetation. Increases
in CMD indicate /ess water available for vegetation
and more ecological drought. Values in parenthesis
are historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.

Late Summer

Years Scenario April 1 SWE (JAS) Runoff
1950-2010 Historical 22.4in 12.3in
(18.9t0 26.2) (8.21t0 16.2)
2020-2049 High -21% -31%
(RCP85) (-36to-15) (-50to -15)
2040-2069 High -32% -43%
(RCP85) (-51to-17) (-65t0-19)
2070-2099 Low -33% -45%
(RCP45) (48to-12) (-67 to-19)
2070-2099 High -52% -64%
(RCP85) (-74t0-29) (-74 to-33)
Years Scenario  Climatic Moisture Deficit
1981-2010  Historical 0.33 inches

2011-2040 High (SSP585)
2041-2070 High (SSP585)
2071-2100 Low (SSP245)
2071-2100 High (SSP585)

+23% (+12 to +53)
+40% (+31 to +96)
+40% (+23 to +93)
+66% (+48 to +141)




North Cascades

Hydrology Projections

Ecoregion Trends

OWN=™) \\/atershed Classification

“ Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. For the North
Cascades ecoregion, few watersheds are expected to
exhibit snow-dominant streamflow patterns in the
future. More precipitation is expected to fall as rain
during the wet season, increasing streamflows in winter,
shifting peak flows earlier in spring, and decreasing flows
in mid-to-late summer. Projected changes in watershed
classification here are substantial because historically
most watersheds exhibited snow-dominant patterns.

\l/ mmm) Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years
in summer, for the Sauk River is projected to decrease
by 63% (range: -33 to -77) by the end of the century,
relative to 1950 -2010 for a high (RCP 8.5) scenario. The
7Q2 is an indicator of water availability for aquatic
habitat. Confidence is high in future projections because
all models consistently project decreases.

Near-term Projections for a High Scenario (RCP 8.5)
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Sauk River Historical and Projected Future Monthly Streamflow:
Winter streamflow is projected to increase and late summer
streamflow is projected to decrease. The black line is the simulated
historical and dashed lines are the median hydrographs of 40 models.
Shaded areas show the 10th and 90th percentile range. Streamflow
projections are without withdrawals and regulation by dams.
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Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion. The
projections show a change from snow and
mixed-rain-and-snow dominated watersheds to
mostly mixed-rain-and-snow watersheds in the future.
The red dot in the upper-right map denotes the
monthly hydrograph location on the Sauk River.

Projections: Summer Low Flow

The table below shows projected model median
change values in summer low flows (7Q2) in cubic
feet per second (cfs) at a location on the Sauk River.
Summer low streamflow for the Sauk River is
projected to decrease considerably in the near-term
and even more by the end of the century. Values in
parenthesis are historical variability (standard
deviation) and the model range (model 10th and
90th percentile) for three future periods.

Years Scenario Low Flow (7Q2)

1981-2010 Historical 1470 cfs (720 to 2220)

2011-2040 High (RCP 8.5)  -43% (-55 to -12)
20412070 High (RCP 8.5)  -53% (-68 to -26)
20712100 Low (RCP4.5)  -56%(-71 to -22)
2071-2100 High (RCP 8.5)  -63% (-77 to -33)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Northern Basin and Range

Hydrology Projections

Hydrology Description

The Northern Basin and Range ecoregion is in a cold semi-arid and desert hydrologic zone. The water stored in

winter snowpack in the northern sections of the ecoregion feeds larger rivers during the early spring as temperatures
rise and the seasonal snow melts.
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Climatic Moisture Deficit (CMD) for the historical period and
projected change for three future periods for a high (RCP 8.5)
scenario, relative to 1981-2010. CMD is an indicator of drought stress
for plants. By 2100, the CMD averaged for the ecoregion is projected
to increase by 27% (range: +22 to +31) for a high (SSP585) scenario
relative to 1981-2010, with greater increases at low elevations.

Ecoregion Trends

) Late Summer (July -September) Runoff

Late summer runoff is projected to slightly increase
throughout the century. By the end of the century, late
summer runoff is projected to increase by 23% (range:
-28 to +137) relative to 1950-2010, for a high (RCP 8.5)
scenario. However, confidence is low in the direction of
these changes because some models project increases
and some project decreases

April 1st Snow Water Equivalent (SWE)

Snow in this ecoregion is primarily confined to winter
months and snowpack melts earlier than April 1st. By the
end of the century, April 1st SWE is projected to decrease
by 79% (range: -96 to -11) relative to 1950-2011 for a high
(RCP 8.5) scenario. Confidence is low in near-term
projections due uncertainty in precipitation trends.

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values for
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July-Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of available water during the dry
season. CMD is a measure of moisture stress on
vegetation. Higher values and increases in CMD
indicate /ess water available for vegetation and more
ecological drought. CMD is projected to increase
throughout the century. The change in late summer
runoff is more variable, though generally shows a
decrease. Values in parenthesis are historical
variability (standard deviation) and the model range
(maximum and minimum) for future periods.

Late Summer

Years Scenario April 1 SWE (JAS) Runoff
1950-2010 Historical 0.6in 0.4in
(0.0to 1.1) (0.2 10 0.6)
2020-2049 High -31% +8%
(RCP 8.5) (-751t0 +175) (-20 to +40)
2040-2069 High -31% +15%
(RCP 8.5) (-75to +27) (-27 to +83)
2070-2099 Low -49% +16%
(RCP 4.5) (-86 to +36) (-24 to +65)
2070-2099 High -79% +23%
(RCP 8.5) (-96 to-11) (-28 to +137)
Years Scenario  Climatic Moisture Deficit
1981-2010 Historical 1.04 inches
2011-2040 High (SSP585) +11% (+7 to +14)
2041-2070 High (SSP585) +18% (+14 to +21)
2071-2100 Low (SSP245) +16% (+11 to +20)
2071-2100 High (SSP585) +27% (+22 to +31)




Northern Basin and Range

Hydrology Projections

Ecoregion Trends

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. More rain-dominant
watersheds are expected in the future, especially in the
southern parts of this ecoregion. More precipitation
falling as rain during the wet season at low and middle
elevations is expected to increase streamflows in winter
and decrease streamflows in mid- to late-summer.

O ‘ mm) \\/atershed Classification

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for the Owyhee River is projected to increase by about
57% (range: -6 to +280) by the end of the century for a
high (RCP 8.5) scenario. However, confidence is low in
these projections because some models project
increases and others project decreases. The increases
projected by the models may be due to increased late
summer precipitation in this region but that is uncertain.

Near-term Projections for a High Scenario (RCP 8.5)
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Owyhee River Historical and Projected Future Monthly
Streamflow: The timing of peak annual flow is expected to shift from
late spring to early spring. The black line is the simulated historical
hydrograph.The black line is the simulated historical hydrograph.
Dashed lines are the median hydrographs of 40 models, and the
shaded areas show the 10th and 90th percentile range of all
projections. Streamflow projections are without withdrawals and
regulation by dams.
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Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion. For
the end of the century, the projections show a general
change from mixed-rain-and-snow watersheds to
primarily rain-dominant watersheds. The red dot in
the upper-right map denotes the location of the
monthly hydrographs on the Owyhee River.

Projections: Summer Low Flow

The table below shows model median values of
historical and projected change in summer low flows
(7Q2) in cubic feet per second (cfs) at a location on
the Owyhee River. Summer low streamflow for the
Owyhee River is projected to increase through the
century for both a high (RCP 8.5) and low (RCP 4.5)
scenario. Summer low flow (7Q2) is indicator of
water availability for aquatic habitat during the
driest period. Values in parenthesis are historical
variability (standard deviation) and the model range
(model 10th and 90th percentile) for three future
periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 433 cfs (191 to 675)
2011-2040 High (RCP 8.5)  +22% (-18 to +106)
2041-2070 High (RCP 8.5)  +28% (-26 to +154)
2071-2100 Low (RCP 4.5)  +34% (-20 to +174)
2071-2100 High (RCP 8.5)  +57% (-6 to +280)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Northern Rockies

Hydrology Projections

Hydrology Description

The Northern Rockies ecoregion is in a mediterranean snow hydrologic zone. This ecoregion accumulates
considerable snow over the winter. As this abundant snow melts throughout the spring and summer, the runoff
contributes substantially to streamflow in a large network of mountain streams.

1950-2010 Historical 2010-2039 High (RCP 8.5)

90

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Climatic moisture deficit (CMD) is a
measure of water stress for vegetation. Increases in
CMD indicate /ess water available for vegetation and
more ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.
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April 1st Snow Water Equivalent (SWE) for a historical period and
percent change for three future periods for a high (RCP 8.5) scenario.
Decreases in April 1 SWE are expected for the Northern Rockies

Late Summer

) . . Years  Scenario April 1 SWE
ecoregion, except at the highest elevations. By the end of the century, (JAS) Runoff
April 1st SWE averaged for the ecoregion is projected to decrease by 1950-2010 Historical  14.2 inches 4.8 inches
51% (range: -62 to -34) relative to 1950-2010, for a high (RCP 8.5) (10.6 to 17.5) (4.4105.2)
scenario. Data for the northeastern part of the ecoregion is unavailable. ' : ' :
2020-2049  High -29% -22%
. (RCP 8.5) (-39 to-22) (-38 to -13)
Ecoregion Trends 20402080  Hgh  37% 34%
(RCP 8.5) (-48to-18) (-58 to -19)
) Late Summer (July-September) Runoff 2070-2099  Low -38% -29%
Late summer runoff in the Northern Rockies ecoregion is (RCP 4.5) (-15to -49) (-59 to -9)
influenced by snowmelt from high elevations. With . o o
increasing temperatures, less of this snow will be AUASZARE) - [Ig il N
available to melt in the late summer. By the end of the (RCP8.5) (62t0-34) (-79 to -27)
century, late summer runoff in the ecoregion is projected
to decrease by 47% (range: -79 to -27) relative to : : " : -
1950-2010, for a high (RCP 8.5) scenario. Years Scenario  Climatic Moisture Deficit
1981-2010 Historical 0.34 inches
mm) Climatic Moisture Deficit (CMD) 2011-2040 High (SSP585)  +19% (+17 to +50)
As the climate warms, CMD is projected to increase in 2041-2070 i +38% (+21 to +90
the Northern Rockies, except at the highest elevations. High (SSP585) % ( ° )
CMD is projected to increase more at low elevations. By 2071-2100 Low (SSP245) +37% (+17 to +86)
the end of the century, CMD averaged for the ecoregion 2071-2100 High (SSP585) +58% (+36 to +137)

is projected to increase by 58% (range: +36 to +137)
relative to 1981-2010 (high scenario, SSP585).




Northern Rockies

Hydrology Projections

Ecoregion Trends

‘ mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Historically, most
watersheds in the Northern Rockies ecoregion had a
snow-dominated streamflow pattern with peak
streamflow associated with spring snowmelt. With
warming, more watersheds are projected to exhibit
mixed-rain-and-snow streamflow patterns. More
precipitation falling as rain in the wet season at low to
mid elevations is expected to increase flows in winter
and decrease flows in summer as snowpack decreases.

\l/ mmm) Summer Low Streamflow (7Q2)

Summer (June - Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for the Fisher River is projected to decrease by about
31% (range: -62 to -19) by the end of the century, relative
to 1981-2010, (high scenario, RCP 8.5). Despite a wide
range in the magnitude of projections, all models project
decreases, indicating high confidence in the change.

Near-term Projections for a High Scenario (RCP 8.5)
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Fisher River Historical and Projected Future Monthly
Streamflow: The timing of peak annual flow is projected to shift from
late spring to early spring and late spring and summer flows are
projected to decrease. The black line is the simulated historical and
dashed lines are the median hydrographs of 40 models. Shaded
areas show the 10th and 90th percentile range. Projections are
without withdrawals and regulation by dams.
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Watershed Classification: Ratio of peak annual
snow water equivalent to total October-March
precipitation. Data are summarized at the HUC8
basin scale and shown for all basins that intersect
the ecoregion. The projections show a general shift
from mostly snow-dominant watersheds to more
mixed-rain-and-snow watersheds. The red dot in the
upper-right map denotes the location of the

monthly hydrographs on the Fisher River.

Projections: Summer Low Flow

The table below shows projected model median
change in summer low flows (7Q2) in cubic feet per
second (cfs) at a location on the Fisher River.
Summer low streamflow is an important indicator of
water availability for aquatic habitat. Summer low
streamflow on the Fisher River is projected to
decrease steadily through the century for the Fisher
River for both a high (RCP 8.5) and low (RCP 4.5)
scenario. Values in parenthesis are historical
variability (standard deviation) and the model range
(model 10th and 90th percentile) for future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 226 cfs (150 to 302)
2011-2040 High (RCP 8.5) -17% (-39 to -3)
2041-2070 High (RCP 8.5) -25% (-50 to -12)
2071-2100 Low (RCP 4.5) -22% (-47 to -10)
2071-2100 High (RCP 8.5) -31% (-62 to -19)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

HYDROLOGY PROJECTIONS OVERVIEW

IN THE OVERVIEW

HYDROLOGIC SYSTEM DESCRIPTION
INTERACTION OF CLIMATE CHANGE AND HYDROLOGIC RESPONSE
CHANGING PRECIPITATION REGIMES
CHANGING STREAMFLOW REGIMES
CHANGING CHARACTERISTICS OF DROUGHT
DROUGHT DEFINITIONS & INDICATORS
CHANGES IN WILDFIRE AND HYDROLOGIC SYSTEMS
AREAS FOR FUTURE RESEARCH

HYDROLOGIC SYSTEM DESCRIPTION

The Northwest (NW) is among the most hydrologically diverse regions in the United States,
with watersheds that span high-elevation alpine systems to lowland estuarine systems
(Leibowitz et al., 2016). As such, the impacts of climate change on the hydrologic systems of
the region will differ substantially based on multiple antecedent conditions including
historical climate, topography, vegetation, underlying lithology, and legacies of hydrologic
modification and land management. These factors and their interactions strongly influence
the response of watersheds to climate change. For example, variation in topography
influences microclimate in ways that can exacerbate or alleviate the influence of higher air
temperature.

Climate change is expected to alter the water cycle with changes in precipitation regimes,
particularly precipitation form (snow versus rain), as well as the frequency, intensity and
duration of extreme precipitation. These changes in the water cycle affect other
components of the Earth system, such as vegetation, which feed back to the hydrologic
cycle. To effectively achieve their intended purposes, land management decisions, plans,
and practices will need to account for expected changes in hydrologic systems (Perry et al.
2015), including infrastructure design that may affect aquatic habitat (Yan et al. 2018).

This section provides a high-level summary of the state of the science on how climate
change is influencing, and expected to continue to influence, hydrological systems and
processes in the NW, including precipitation regimes, streamflow patterns, drought, and
interactions between wildfire and hydrologic processes.



HYDROLOGY PROJECTIONS OVERVIEW

I Maritime Rain Figure 1. Subregion groupings of
Il Maritime Snow ecoregions of the Northwest that

Cold semi-arid and desert
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classification, based on the Koppen
S > * | climate classification, inherently masks
wfw/ﬁ;i,_ sub-regional variability, but the coarse
subregions enable broad comparisons

and summaries that are relevant for
understanding projected changes in

hydrologic systems with climate change.

The response of hydrologic processes to climate change in particular watersheds
depends on a variety of factors that vary across spatial scales. Key similarities in
hydrologic pattern and process among subregions (Figure 1, Table 1) enables
synthesis of expected changes in watersheds by subregion.

e The hydrological diversity of the NW complicates projections of how climate change
will influence hydrologic patterns in the future. Hydrologic change in any one place
(e.g., within an individual watershed) is a product of interactions between global and
regional drivers (e.g., precipitation and temperature), local physiographic context
(e.g., soil, topography, vegetation), and disturbance history.

e Despite high hydrologic diversity, large-scale patterns of water accumulation,
storage, and release exhibit broad similarities across subregions that encompass
one or more ecoregions in the NW (Figure 1, Table 1). For example, hydrologic
regimes in one subregion are dominated by snow accumulation and melt, whereas
hydrologic regimes in another subregion depend more on rainfall. These hydrologic
subregions are inherently related to ecoregions because they are a product of
climate (e.g., annual patterns of precipitation and temperature), geography (e.g.,
proximity to coast), and topography (e.g., elevation). Similarly, the traits of what
makes an ecoregion are also a product of the hydrologic response to climate,
topography, and vegetation.



HYDROLOGY PROJECTIONS OVERVIEW

Table 1. High-level summary of the hydrologic subregions in the NW and the ecoregions
within them. Each subregion, or hydrologic zone, has similar climate-related ecosystem
stressors and key hydrologic indicators that best capture the impacts of those stressors.

Hydrologic Zon Ecoregion Key ecosystem [ Key indicators of
stressors hydrologic change
Maritime Coast Range Heavy Soil moisture,
rain-dominated Puget Lowlands precipitation, sea | groundwater, Peak
level rise, coastal | streamflows
and riverine
flooding
Maritime Willamette Valley Heavy Snow water equivalent,
snow-dominated | Cascades precipitation, soil moisture
North Cascades compound
Klamath Mountains hydrologic effects
Eastern Cascade post wildfire
Foothills
Cold semi-arid Columbia Plateau Increased Soil moisture, low
and desert Northern Basin & Range | frequency and streamflows
Snake River Plain severity of
Southeast Idaho drought

Mediterranean
snow-dominated

Northern Rockies
Idaho Batholith
Middle Rockies
Canadian Rockies
Blue Mountains

Rain on snow
events; increased
frequency and
severity of
drought

Spring snow water
equivalent, streamflow,
elevation of rain/snow
transition, soil
moisture, low
streamflow,
groundwater




HYDROLOGY PROJECTIONS OVERVIEW

INTERACTION OF CLIMATE CHANGE AND HYDROLOGIC
RESPONSE

CHANGING PRECIPITATION REGIMES

Some attributes of precipitation regimes are not expected to change substantially,
yet others are expected to change in a myriad of ways that can affect ecosystems.
e The magnitude of mean annual precipitation in the Columbia River Basin is not
projected to change substantially by the end of the century (Chegwidden et al.,
2020; Wrzesien & Pavelsky, 2020). The CMIP6 multi-model ensemble projects a slight
increase in mean annual precipitation of about 5% (See Climate Overview), which
could contribute to higher mean annual runoff and streamflow volume depending
on changes in temperature and evaporation. However, some models project
increases and other models project decreases, so confidence is low in the projected
direction and magnitude of change in total annual precipitation across the NW.
e The intensity and form of precipitation (snow versus rain) are expected to change
substantially (Chegwidden et al., 2020; Wrzesien & Pavelsky, 2020) with warming,
and confidence is high in these changes.

In historically snow-dominated watersheds, a shift to more rain and less snow is the
most prominent effect of climate change on the precipitation regime.

e The decreasing proportion of winter precipitation as snow relative to rain is
expected to accelerate with more warming through the end of the century
(Chegwidden et al., 2020; Clifton et al., 2018; Siirila-Woodburn et al., 2021).

e The elevation at which precipitation transitions from being primarily rain to
primarily snow is expected to increase (Klos et al., 2014; Pepin et al., 2022).

e As aresult of this change in precipitation form, the proportion of floods arising from
rain rather than snowmelt is expected to increase, with middle and high elevation
watersheds expected to have the largest increase (Chegwidden et al., 2020).

Climate change is affecting large-scale global climate patterns, changing the
intensity, duration, and frequency of extreme hydrologic events.

e C(limate change is expected to increase the frequency and intensity of hydrologic
extremes (Warner et al. 2015, Tohver et al., 2014), such as extreme rainfall events,
floods, and droughts.

e Inthe NW, extreme rainfall events tend to be associated with atmospheric rivers,
which are anticipated to increase in magnitude and frequency with warming (Chen
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et al., 2019; Gershunov et al., 2019; Payne et al., 2020). The degree to which
atmospheric rivers produce flooding depends, in part, on the soil moisture
conditions that precede these events (Cao et al., 2020).

e Changes in the occurrence of convective precipitation, which is the primary source
of rain in summer in much of the NW, are difficult to project because of the complex
factors in the land-atmosphere system that control their initiation, growth, and fate.
Furthermore, their initiation is typically confined to areas much smaller than the
resolution of climate models. Despite this, downscaled climate model projections of
summer precipitation in the NW indicate a long-term drying trend (see Climate
Overview).

CHANGING STREAMFLOW REGIMES

Changes in streamflow patterns in a given watershed depend on the hydrologic zone
where the watershed is located (Chegwidden et al., 2020, ecoregion-specific hydrologic
factsheets), and these zones have some distinct patterns of expected changes.

Expected shifts in precipitation form include increases in the frequency of
rain-on-snow events in high-elevation areas and decreases in low-elevation areas,
with implications for streamflow and flooding.

e Rain-on-snow (ROS) events' can cause rapid snowmelt, which increases runoff and
depletes snow water storage. This reduces water availability later in the season.
These ROS events can, but don't always, contribute substantially to extreme runoff
and flooding that can adversely affect aquatic habitat (Li et al. 2019).

e The frequency and magnitude of ROS events are expected to decrease in
low-elevation areas in the western NW with historically warmer winters (e.g. the
maritime snow hydrologic zone) as snowpack declines and snow recedes to higher
elevations (Musselman et al., 2018).

e The frequency and magnitude of ROS events are expected to increase in
high-elevation areas that are currently above the snowline and have cold winters
(e.g. the mediterranean hydrologic zone) because these areas will warm and not
always be above the snowline in the future (Musselman et al., 2018), increasing the
chance of ROS events.

e The elevation transition between areas where ROS events are projected to increase
and where they are projected decrease is about 5,000 to 6,500 ft (Li et al., 2019).

' Rain-on Snow (ROS) events are when rain falls on preexisting snowpack and are defined as at least 3 mm
of rain falling on a snowpack with at least 10 mm of snow water equivalent and snowmelt is one fifth of

the total rain and snowmelt for that day (Fruediger et al 2014).
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e ROS events, which are typically in fall and winter in the western NW and spring in
the interior NW, are expected to shift earlier everywhere with warming (Li et al.,
2019).

In snow-dominant basins, warming is expected to cause earlier snowmelt and higher
evaporative demand in summer, with both changes contributing to lower
streamflows in summer and a greater extent of intermittent streams.

e The extent of intermittent streams, those that have no flow at some time in the
year, are expected to increase across the NW (Ward et al., 2020; Zipper et al., 2021).

e Anincrease in the number and duration of times with no flow will decrease
connectivity of river networks (Ward et al., 2020), with implications for aquatic
habitat (see Aquatic Overview).

e Changes in surface streamflow volume and timing will also affect groundwater
(Brunner et al., 2021; Gullacher et al., 2023). For example, declining snowmelt and
summer drying will lead to lower groundwater levels in summer.

e Earlier snowmelt is expected to reduce summer streamflow and increase water

delivery curtailments during the irrigation season, potentially creating greater
conflicts over water for out-of-stream uses and in-stream aquatic habitat
(Musselman et al., 2021; Vano, 2020).

CHANGING CHARACTERISTICS OF DROUGHT

In the NW, drought is expected to increase in frequency, magnitude, and duration
with a warming climate; however, the effects on ecosystems and natural resources
will depend on the type of drought (Bumbaco et al., 2010; Crimmins et al. 2017).
Drought impacts will increasingly link across all sectors of land, water, and ecosystem
management, requiring a coordinated response among agencies, stakeholders, and water
rights holders to minimize conflict and negative impacts on people and ecosystems.

e Meteorological droughts (see Drought Definitions & Indicators), soil moisture
droughts, and snow droughts (i.e., thinner and less expansive seasonal snowpacks)
are becoming longer and more variable (Apurv & Cai, 2021; Zhang et al., 2021).

e Historically, snowpack conditions have been an important predictor of seasonal
water availability, but with declining snowpack, it will be more difficult to predict
drought and water availability in the following season (Livheh & Badger, 2020)

e Models project that lower streamflows in summer, earlier and lower peak
streamflow in spring, and altered streamflow timing will increase the frequency and
severity of snow and hydrological droughts (Kampf et al., 2021; Kovach et al., 2019;
Safeeq et al., 2014).
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e Increasing air temperatures are expected to increase atmospheric evaporative
demand, which would enhance vegetation drying and water stress (i.e. ecological
drought), as well as evaporation from reservoirs (Gorguner & Kavvas, 2020) (related
to hydrological, agricultural, and socioeconomic drought).

e Changes in drought characteristics are happening against a backdrop of highly
variable climate conditions historically across the NW (Cartwright et al., 2020).

e Ecosystems at high elevations, in drier climates, or with soils that have less capacity
to hold water have the highest sensitivity to drought (Cartwright et al., 2020).

e Avariety of drought indices exist; many are tailored for specific applications and
may or may not be suitable in other contexts. For example, indices that integrate
soil moisture, although developed for agricultural applications, may be appropriate
for assessing and responding to ecosystem drought (Chatterjee et al., 2022)

BOX 1: OBSERVATIONAL SOURCES OF HYDROLOGIC DATA

Existing hydrologic monitoring networks provide useful data to quantify hydrological change,
including snow water equivalent, soil moisture, groundwater and streamflow. However, these
networks are insufficient to adequately characterize long-term trends and extreme events. Advances
in modeling, remote sensing, and data assimilation may partly compensate.

SNOw TELemetry (SNOTEL)

SNOw TELemetry (SNOTEL) sites are located where measurement of precipitation and snow water equivalent
are optimized for water supply forecasting and, therefore, may not be suitable for all hydrological
applications (N. P. Molotch & Bales, 2005; Noah P. Molotch & Bales, 2006). Logistical considerations for
installation, operation and maintenance of SNOTEL sites make significant expansion of the network unlikely
(Fleming et al., 2023). However, innovations at the interface of observational technology, modeling, data
fusion, and artificial intelligence/machine learning are providing options to improve monitoring of snow
water storage and water supply forecasting (Broxton et al., 2024; Hedrick et al., 2018; Lahmers et al., 2022;
Liu et al., 2023; Painter et al., 2016; White et al., 2022, 2023)

National Coordinated Soil Moisture Measurement Network (NCSMMN)

Several networks collect automated soil moisture measurements (e.g., SNOTEL, USDA AgriMet, etc.), but the
specific criteria used to locate monitoring stations, the sensors used, the depths at which soil moisture is
measured, and quality assessment/control protocols applied to the data differ by network and are not
coordinated across the US or NW. A new effort, the National Coordinated Soil Moisture Measurement
Network (NCSMMN, (Executive Committee of the National Coordinated Soil Moisture Monitoring Network,
2021)), seeks to engage management agencies, universities, and others to harmonize data from these
networks and create value-added products.

USGS National Groundwater Monitoring Network

Groundwater observations are important for supporting climate adaptation, particularly for ecosystems
dependent on groundwater. The USGS National Groundwater Monitoring Network is a portal for
groundwater data and information from multiple federal agencies. This network encompasses 520
water-level network wells and 32 water-quality network wells across the NW. Of these sites, 242 are located
in unconfined aquifers that are more sensitive to climate change (Subcommittee on Ground Water of the
Advisory Committee on Water Information, 2013).
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DROUGHT DEFINITIONS & INDICATORS

Although it is relatively well understood that drought corresponds to insufficient water,
drought is difficult to define. NOAA’s National Integrated Drought Information System
acknowledges five types of drought: meteorological, hydrological, agricultural,
socioeconomic and ecological drought (Svoboda & Fuchs, 2016). Understanding the
different types of drought is important for determining the appropriate response to
mitigate the impacts of drought on people, ecosystems and economies.

Meteorological: A prolonged duration of dry weather conditions which is defined based on
regionally specific degree of dryness and duration of dry weather [Palmer Drought Severity
Index & Standardized Precipitation Index].

Hydrological: Lower than normal streamflows, reservoir, or groundwater levels, often
occurring after many months of meteorological drought. This type of drought is often
defined at the watershed scale [Surface Water Supply Index].

Agricultural: When crops are negatively affected by low water conditions. This is often a
combination of meteorological and hydrological drought which means that it could be
caused by low precipitation, soil moisture deficits, higher rates of evapotranspiration, or
low groundwater or reservoir levels. The degree of agricultural drought depends on plant
growth stage and associated water requirements [Vegetation Health Index & Vegetation
Drought Response Index, Standardized precipitation and Evapotranspiration Index (Stagge
et al., 2014).

Socioeconomic: When supply and demand of various goods and services are impacted by
drought conditions.

Ecological: When a deficit in water availability, including associated water management
activities, drives ecosystem responses beyond tolerable thresholds that adversely affect
critical ecosystem functions and services (Crausbay et al., 2017; Kovach et al., 2019).

CHANGES IN WILDFIRE AND HYDROLOGIC SYSTEMS

The influences of climate change on wildfire activity and hydrologic systems are
connected and can have compounding effects on terrestrial and aquatic ecosystems.
e Larger and more severe wildfires (see Forest Ecosystem Overview) are expected to

affect streamflow in the NW. Wildfires can increase erosion, sedimentation, and the
potential for flash flooding and debris flows. The loss of vegetation in wildfires
decreases interception, transpiration and infiltration. Within the first decade after
fire, burned watersheds generally experience an increase in annual runoff, peak
streamflows, and low streamflows (Beyene et al., 2021; Niemeyer et al., 2020).
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e Post-fire land management (e.g. aerial seeding and fertilizer) can accelerate post-fire
vegetation recovery and the return the watershed to pre-fire streamflow patterns
more quickly (Niemeyer et al., 2020).

e Post-fire extreme rainfall events are an example of a high-consequence compound
climate event that is likely to occur more often in the future with more wildfire and
heavier rainfall (Touma et al., 2022).

e The risk of post-fire extreme rainfall events is another factor to consider in the
prioritization and co-benefits of fuel reduction treatments or other fire risk
reduction activities (Srivastava et al., 2018).

AREAS FOR FUTURE RESEARCH

e Confidence is high that hydrologic systems in the NW will shift from historically
snowy conditions to a low- to no-snow future. However, the timing and rate of this
transition remains uncertain because of large interannual climatic variability and
differences in the sensitivity of climate models to increases in atmospheric carbon
dioxide (See Climate Overview). Whether this change will be gradual or more abrupt
remains uncertain and is an active area of research.

e Given the large interannual hydrologic variability characteristic of the NW, it will
remain difficult to separate long-term trends from short-term variation in
precipitation, snow water equivalent, soil moisture, groundwater, and streamflow.
As such, it will be important to develop tools, methods, and monitoring to better
identify long-term trends and shifts in short-term variability.

e It remains difficult to identify sequences of co-occurring events (e.g., fires and
precipitation events, etc.) that may yield extreme hydrologic events significant to
resource managers.

e Understanding and predicting the potential consequences of compound climatic
and hydrologic extremes with low likelihood but high consequence is an active area
of research that has not yet yielded actionable insights. Compound extreme events,
including the co-occurrence of multiple events that may or may not be
independently extreme, are an increasingly recognized consequence of climate

change globally and in the NW specifically (Abatzoglou et al., 2021: AghaKouchak et

al., 2020; Zscheischler et al., 2020). Given the evolving science, it may be necessary

to include emerging methods to incorporate multihazard extremes in analyzing the
likelihood and impact of compound extreme events on the resilience of ecosystems.

e Itis not well known how terrestrial ecosystems will mediate or exacerbate
climate-driven changes in hydrologic systems. Terrestrial ecosystems and hydrologic
systems will respond to climate change as an integrated system. Shifts in
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precipitation and snow water storage influence the assemblages and function of
terrestrial vegetation in ways that influence hydrologic fluxes, particularly
transpiration (plant water uptake) and infiltration (through expansion/contraction of
root networks). A more thorough understanding of the changes in future hydrologic
regimes requires a better understanding of future ecosystems and vice versa.
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Puget Lowlands

Hydrology Projections

Hydrology Description

The Puget Lowlands ecoregion is in a maritime hydrologic zone. This ecoregion receives abundant precipitation in
winter that falls as rain. This generally leads to high winter streamflow and low streamflow in spring and summer,
except for the streams that are fed by snowmelt from the Olympic and Cascade mountains.
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Late Summer (July-Sept.) Runoff for a historical period and projected

change for three future periods for a high (RCP 8.5) scenario. By the
end of the century, late summer runoff is expected to decrease by 19%

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of water available in the late summer
dry period. Both spring snowmelt and summer
precipitation contribute to late summer runoff.
Climatic moisture deficit (CMD) is a measure of
water stress for vegetation. Increases in CMD
indicate /ess water available for vegetation and more
ecological drought. Values in parenthesis are
historical variability (standard deviation) and the
model range (maximum and minimum) for the
future periods.

Late Summer

(range: -39 to +1) relative to 1950-2010 for a high (RCP 8.5) scenario. Years Scenario April 1 SWE
Confidence is low in projected decreases in late summer runoff (JAS) Runoff
because some models project increases and others project decreases. R st 1.8in 1.7in
; SONCA (12 t025)  (1.3t02.1)
E r | N Tr n 2020-2049  High -90% -11%
co eg 0 € dS (RCP8.5) (-95 t0-88)  (-32to +2)
- . - I - 0 - 0,
mmp April 1st Snow Water Equivalent (SWE) 2040-2069 RCHEQ . 999t3 /"89 401?/18
Historical April 1st Snowpack in this ecoregion is ( ) (EBmRe)) - (ROSE)
confined mainly to foothills of the Cascades and Olympic 2070-2099  Low -94% -14%
Mountains. With future warming, seasonal snowpack is (RCP 4.5) (-98 to -88) (-36 to +4)
erpecieqlo el crler 1 esping By teendofthe | aorozoee Hgn  ork  ton
’ 0
(range: -100 to -94) relative to 1950-2010, for a high (RCP REF6R) Eltvinse) SRS
8.5) scenario. Years Scenario  Climatic Moisture Deficit
mm) Climatic Moisture Deficit (CMD) 1981-2010  Historical 0.42 inches
As the climate warms, CMD is projected to increase 2011-2040 High (SSP585) +17% (+10 to +41)
throughout the Puget Lowlands ecoregion, with greater 2041-2070 Hi +33% (+23 to +72
increases at the lowest elevations. By the end of the High (SSPS85) % ° )
century, CMD averaged for the ecoregion is projected to 2071-2100 Low (SSP245) +30% (+17 to +74)
increase by as much as 41% (range: +33 to +104) relative to | 545742100 High (SSP585) +41% (+33 to +104)

1981-2010, for a high (SSP585) scenario.




Puget Lowlands

Hydrology Projections
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Ecoregion Trends
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mm) \\atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Historically,
watersheds in the Puget Lowlands have exhibited both
mixed-rain-and-snow and rain-dominant patterns. In the
future, more watersheds will exhibit rain-dominant
streamflow patterns. More precipitation is expected to
fall as rain during the wet season, leading to larger flows
in winter, peak flows earlier in the spring, and lower
flows in mid-to-late summer.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years
in summer (June - Sept.), for the Puyallup River is
projected to decrease by 28% (range: -39 to -20) by 2100
for a high (RCP 8.5) scenario, relative to 1981-2010. The
7Q2 is an indicator of water availability for aquatic
habitat. Confidence is high in future projections because
all models consistently project decreases.

Near-term Projections for a High Scenario (RCP 8.5)
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Puyallup River Historical and Projected Future Monthly
Streamflow: The timing of peak annual flow is projected to shift from
early summer to mid-winter with a shift from a mixed-rain-snow to a
rain-dominant hydrologic pattern. The black line is the simulated
historical and dashed lines are the median hydrographs of 40
models. Shaded areas show the 10th and 90th percentile range.
Projections are without withdrawals and regulation by dams.
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Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion. The
projections show a change to almost all rain-dominant
watersheds by the end of the century. The red dot in
the upper-right map denotes the location of the
monthly hydrographs on the Puyallup River.

Projections: Summer Low Flow

The table below shows projected model median
change values in summer (June-Sept.) low flows at a
location on the Puyallup River. Summer low
streamflow for the Puyallup River is projected to
steadily decrease throughout the century for both a
high (RCP 8.5) and low (RCP 4.5) scenario. Summer
low streamflow (7Q2) is an important indicator of
water availability for aquatic habitat. Values in
parenthesis are historical variability (standard
deviation) and the model range (model 10th and
90th percentile) for three future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 1242 cfs (697 to 1787)
2011-2040 High (RCP 8.5) -19% (-28 to -2)
2041-2070 High (RCP 8.5) -25% (-35 to -13)
2071-2100 Low (RCP 4.5) -27% (-38 to -9)
2071-2100 High (RCP 8.5) -28% (-39 to -20)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Snake River Plain

Hydrology Projections

Hydrology Description

The Snake River Plain ecoregion is in a cold semi-arid and desert hydrologic zone. Winter snowpack in the northern
sections of this ecoregion feed larger rivers during the early spring as temperatures warm and seasonal snow melts.
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Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The table below shows model median values of
historical and projected change in April 1 snow
water equivalent (SWE), late summer (July - Sept.)
runoff, and climatic moisture deficit (CMD) for three
future periods. April 1 SWE is an indicator of water
stored in spring snowpack. Late summer runoff is
an indicator of available water. Runoff in the
southern Snake River Plain, which was high
historically, is projected to decrease in the future.
The areas that are expected to have slight increases
in future runoff have small magnitudes historically.
Increases in CMD indicate /ess water available for
vegetation and more ecological drought. CMD is
projected to increase throughout the Snake River
Plain. Values in parenthesis are historical variability
(standard deviation) and model range (maximum
and minimum) for future periods.
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Late Summer (July-September) Runoff for a historical period and
projected change for three future periods for a high (RCP 8.5) scenario.
Some areas in the Snake River Plain ecoregion are projected to have

increases in summer runoff and other areas are projected to have
decreases. By the end of the century, late summer runoff is projected

Late Summer Runoff Change(%)
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to increase by 19% (range: -23 to +116) relative to 1950-2010, for a high Years  Scenario April 1 SWE
. .- - . . (JAS) Runoff
(RCP 8.5) scenario. Minimal historical late summer runoff means this -
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. | e (0.3t0 0.6)
Ecoregion Trends 2020-2049  High  aprilsnowpack  *+9%
mm) April 1st Snow Water Equivalent (SWE) Avrisy i ieeneslyend o w2
Snow in this ecoregion is primarily confined to winter (reFes) sepeid@ 2] i)
months and snowpack melts earlier than April 1st . With 2070-2099  Low be even more +13%
warming, snow will still be present in winter months but (RCP 4.5) rare with future (26 to +47)
will melt out before springt on average. Due to the _ : warming +190
minimal historical April 1st SWE, the historical and 2070-2099 Rgll:?g 5 23 t19+/:16
projected change values are not given. ( = (2310 )
i . . fici Years Scenario  Climatic Moisture Deficit
o> Climatic Moisture Deficit (CMD) 1981-2010  Historical 1.15 inches

As the climate warms, CMD is projected to increase
everywhere in the Snake River Plain ecoregion, with 2011-2040 High (SSP585) +9% (+6 to +12)
slightly greater increases projected for the lowest : : o

elevations. By the end of the century, CMD for the 2041-2070 High (SSP585) H7% (+13to+21)
ecoregion is projected to increase by about 26% (range: 2071-2100 Low (SSP245) +18% (+11 to +21)

+21 to +31) relative to 1981-2010, for a high (SSP585) 2071-2100 High (SSP585) +26% (+21 to +31)
scenario.




Snake River Plain

Hydrology Projections
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Ecoregion Trends
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Watershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. For the Snake River
Plain ecoregion, watersheds are expected to become
more rain-dominant in the future, especially in the
southern part of the ecoregion. More precipitation is
expected to fall as rain rather than snow during the wet
season in low and mid-elevations, leading to larger flows
in winter and lower flows in spring and summer.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day flow that occurs on average every 2 years, for the
Boise River is projected to decrease by about 5% (range:
-25 to +14) by 2100 relative to 1981-2010 for a high (RCP
8.5) scenario. Summer 7Q2 streamflow is an important
indicator of water availability for aquatic habitat.

Near-term Projections for a High Scenario (RCP 8.5)
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Boise River Historical and Projected Future Monthly Streamflow:
The timing of peak annual flow is expected to shift from late spring to
early spring. The hydrograph shows a transition from a
snow-dominant to a mixed-rain-and-snow watershed due to the
influence of upstream snowmelt. The black line is the simulated
historical hydrograph. Dashed lines are the median hydrographs of
40 models, and the shaded areas show the 10th and 90th percentile
range of all projections. Streamflow projections are without
withdrawals and regulation by dams.
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2070-2099 2070-2099  High (RCP 8.5)

| Rain Mixed

0.0

Snow |
1.0

0.1 0.4

Watershed Classification: Ratio of peak annual
snow water equivalent to total October-March
precipitation. Data are summarized at the HUC8
basin scale, and shown for all basins that intersect
the ecoregion. The ecoregion is expected to have a
general shift from mixed-rain-snow behavior to more
rain-dominant behavior in the future. The red dot in
the upper-right map denotes the location of the
monthly hydrographs on the Boise River.

Projections: Summer Low Flow

Summer (June-Sept.) low streamflow (7Q2) is an
important indicator of water availability for aquatic
habitat. The table below shows model median
values for historical and projected change in
summer low flows at a location on the Boise River.
Confidence in the projected changes on the Boise
River are low, as some models project increases and
other models project decrease. Values in
parenthesis are historical variability (standard
deviation) and the model range (model 10th and
90th percentile) for the listed future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 903 cfs (237 to 1568)
2011-2040 High (RCP 8.5) -1% (-13 to +10)
2041-2070 High (RCP 8.5) -9% (-26 to +6)
2071-2100 Low (RCP 4.5) -4% (-24 to +9)
2071-2100 High (RCP 8.5) -5% (-25 to +14)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Southeastern Idaho

Hydrology Projections

Hydrology Description

Southeastern Idaho is in a cold semi-arid and desert hydrologic zone. This region receives little annual precipitation.
Larger streams in this region are fed year-round by upstream rain and snowmelt. Smaller streams tend to run dry
during the summer season when precipitation is minimal.

2.5

Late Summer Runoff (in)
= = N
=} 5 =}

b
U

o
=)

w
o

=
o

-10

-30

Late Summer Runoff Change(%)

1950-2010 Historical 2020-2049 High (RCP 8.5)
\
&
/ \ ')
{
- ,/m@
— l
‘ VY \w/
i \
L I
2040-2069 High (RCP 8.5) 2070-2099 High (RCP 8.5)

=50 I
-70

IS od

Historical and Projected Late Summer (July - Sept.) Runoff
Late summer runoff for the historical period and percent change for

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show values for projected model
median change in late summer (July - Sept.) runoff
and climatic moisture deficit (CMD) for three future
periods. Late summer runoff is an indicator of
available water during the dry season. CMD is a
measure of moisture stress on vegetation. Higher
values and increases in CMD indicate /ess water
available for vegetation and more ecological
drought. Both late summer runoff and CMD are
projected to decrease for Southeast Idaho through
the century. Values in parenthesis are historical
variability (standard deviation) and the model range
(maximum and minimum) for future periods.

Late Summer

three future periods for a high (RCP 8.5) scenario, relative to Years  Scenario April 1 SWE (JAS) Runoff
1950-2010. By the end of the century, late summer runoff in the -
Southeastern Idaho ecoregion is expected to decrease by 12% (range: 1950-2010 Historical ' 0.01in
-66 to +237) relative to 1950-2010, for a high (RCP 8.5) scenario. In this (0 t0 0.01)
Confidence is low in these projections because all models do not 2020-2049  High ecoregion, 6%
project the same direction of change. (RCP 8.5) April snowpack (-33 to +62)
) 2040-2069  High hlsltso?cizlllr;e;ln g 1%
Ecoregion Trends (RCPB.5) o mected to (4310 ¥114)
2070-2099 Low be even more -6%
mmp April 1st Snow Water Equivalent (SWE) (RCP 4.5) ore with future (46 to +69)
Snow in this ecoregion is primarily confined to winter 2070-2099 High warming -12%
months and snowpack melts earlier than April 1st. With (RCP 8.5) (-66 to +237)
warming, snow will still be present in winter months but
will melt out before springtime on average. Due to the
minimal historical April 1st SWE, the historical and . Climatic Moisture
projected change values are not given. Years Scenario Deficit
l e [t [ [T (CMD) 1981-2010 .Hlstorlcal 0.8 inches
As the climate warms, CMD is projected to increase 2011-2040  High (SSP585)  +14% (+11 to +17)
everywhere in the Southwest Idaho ecoregion, with larger 2041-2070 High (SSP585) +23% (+14 to +27)
increases projected for the lowest elevations. By the end 0
of the century, CMD for Southeast Idaho is projected to 2071-2100  Low (SSP245) +19% (+12 to +25)
increase by as much as 31% (range: +19 to +42) relative to 2071-2100 High (SSP585) +31% (+19 to +42)

1981-2010, for a high (SSP585) scenario.




Southeastern Idaho

Hydrology Projections

Ecoregion Trends

mm) \\/atershed Classification

Watersheds in Southeastern Idaho have historically
exhibited mixed-rain-and-snow streamflow patterns, but
fewer watersheds will exhibit mixed streamflow patterns
in the future. More precipitation during the wet season is
expected to fall as rain, leading to larger flows in winter,
peak flows earlier in spring, and lower flows in
mid-to-late summer.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for the Blackfoot Reservoir inflow is projected to
increase by 16% (range: -30 to +63) by the end of the
century relative to 1981-2010, for a high (RCP 8.5)
scenario. Confidence is low in projected decreases in
summer low flows because some models project
increases and others project a decrease. Summer 7Q2 is
an important indicator of water availability for aquatic
habitat.

Near-term Projections for a High Scenario (RCP 8.5)

[ 2020-2049
[ 2040-2069

0
Oct

Late Century (2070-2099) Projections for a Low and High Scenario

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

[0 Low (RCP 4.5)
= High (RCP 8.5)

Oct

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Blackfoot Reservoir Inflow Historical and Projected Future
Monthly Streamflow: The timing of peak annual flow is expected to
shift from summer to a more broad peak during spring. The black line
is the simulated historical hydrograph. Dashed lines are the median
hydrographs of 40 models, and the shaded areas show the 10th and
90th percentile range of all projections. Streamflow projections are
without withdrawals and regulation by dams

1950-2010 Historical

2020-2049  High (RCP 8.5) 2040-2069  High (RCP 8.5)

2070-2099 Low (RCP 4.5) 2070-2099  High (RCP 8.5)

| Rain Mixed Snow |
0.0 0.1 0.4 1.0

Watershed Classification: Ratio of peak annual
snow water equivalent to total October-March
precipitation. Data are summarized at the HUC8
basin scale and shown for all basins that intersect the
ecoregion. Projections show a general change from
mixed-rain-and-snow watersheds to more
rain-dominant watersheds in the future. The red dot
in the upper-right map denotes the location of the
monthly hydrographs for the Blackfoot Reservoir
Inflow, which is the closest streamflow site location.

Projections: Summer Low Flow

The table below shows projected model median
change in summer (June-Sept.) low flows (7Q2) at
the Blackfoot Reservoir Inflow. Summer low flows
for the Blackfoot Reservoir Inflow are projected to
increase throughout the century. Values in
parenthesis are historical variability (standard
deviation) and the model range (model 10th and
90th percentile) for the listed future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 81 cfs (18 to 143)
2011-2040 High (RCP 8.5) +6% (-19 to +37)
2041-2070 High (RCP 8.5) +3% (-31 to -+54)
2071-2100 Low (RCP 4.5) +2% (-32 to +37)
2071-2100 High (RCP 8.5)  +16% (-30 to +63)

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

Willamette Valley

Hydrology Projections

Hydrology Description

The Willamette ecoregion is in a maritime snow hydrologic zone. Although this ecoregion does not receive much
snow, streamflow patterns are heavily influenced by upstream snowmelt during the spring and early summer.
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Climatic Moisture Deficit (CMD) for a historical period and projected
change for three future periods for a high (RCP 8.5) scenario. CMD, an
indicator of drought stress for plants, has been greater at lower
elevations in the Willamette Valley historically. By end of the century,
CMD averaged for the ecoregion is projected to increase by 51%
(range: +23 to +54) relative to 1981-2010 for a high (SSP585) scenario .

Ecoregion Trends

mm) Late Summer (July - September) Runoff

Late summer runoff is projected to decrease slightly
through the century under both a low (RCP 4.5) and
high (RCP 8.5) scenario. By the end of the century, late
summer runoff in the Willamette Valley is projected to
decrease by 7% (range: -17 to +15) for a high scenario,
relative to 1950-2010. Confidence is low in the direction
of these changes because some models project
increases and some project decreases.

mmp April 1 Snow Water Equivalent (SWE)

April 1 SWE is an indicator of water stored in spring
snowpack. Snow in this ecoregion is primarily confined
to winter months and snowpack melts earlier than April
1st . With warming, snow will continue to be present in
winter but will melt out before April 1st on average.

Projections: Snow Water
Equivalent, Late Summer Runoff
and Climatic Moisture Deficit

The tables below show model median values for
historical and projected change in late summer
(July-Sept.) runoff and climatic moisture deficit
(CMD) for three future periods. Due to the minimal
April 1st SWE in this ecoregion, historical and
projected change values are not shown. Late
summer runoff is an indicator of available water
during the dry season. In the Willamette Valley
ecoregion, both spring snowpack from the Cascade
mountains and summer precipitation contribute to
spring and summer streamflow. CMD is a measure
of moisture stress on vegetation. Higher values and
increases in CMD indicate /ess water available for
vegetation and more ecological drought. Values in
parenthesis are historical variability (standard
deviation) and model range (maximum and

minimum) for future periods.

Late Summer

Years Scenario April 1 SWE (JAS) Runoff
L 2.0in
1950-2010 Historical In this (1.5 t0 2.4)
2020-2049  High ecoregion, -5%
(RCP 8.5) Aprilsnowpack (.13 15 +g)
2040-2069  High hl;fowéz::;‘jn y 4%
= +
(RCP8.5) is expected to (22 tc:) 12)
2070-2099 Low be even more -4%
(RCP4.5) rare with future  (-17 to +10)
2070-2099 High warming 1%
(RCP 8.5) (-17 to +15)
Years Scenario  Climatic Moisture Deficit
1981-2010 Historical 0.67 inches
2011-2040 High (SSP585) +12% (+9 to +23)
2041-2070 High (SSP585) +21% (+14 to +40)
2071-2100 Low (SSP245) +21% (+15 to +41)
2071-2100 High (SSP585) +51% (+23 to +54)




Willamette Valley

Hydrology Projections

Ecoregion Trends

&

10000
8000
6000
4000
2000

0

Natural Streamflow (cfs)

Oct

@ 14000

Natural Streamflow (c

Oct

mm) \\/atershed Classification

Watershed classification is an indicator of the most
common form of precipitation in winter and the pattern
of streamflow throughout the year. Watersheds in the
Willamette Valley have historically exhibited a
mixed-rain-and-snow pattern. In the future, fewer
watersheds will exhibit this mixed pattern with all
becoming rain-dominant. More precipitation as rain
rather than snow in the Cascade foothills during the wet
season is expected to increase streamflow in winter, shift
peak flows earlier in spring, and decrease summer flows.

Summer Low Streamflow (7Q2)

Summer (June-Sept.) low streamflow (7Q2), the lowest
7-day average flow that occurs on average every 2 years,
for the Willamette River is projected to decrease by
about 31% (range: -71 to -11) by the end of the century
relative to the 1981-2010, for a high (RCP 8.5) scenario.
Summer 7Q2 is an indicator of water availability for
aquatic habitat during the driest period. Confidence is
high that summer low flows will decrease given that all
models project decreases.

Near-term Projections for a High Scenario (RCP 8.5)

[ 2020-2049
[ 2040-2069

Nov Dec Jan Feb Mar Abr Méy Jdn JL)I A(Jg Sep

Late Century (2070-2099) Projections for a Low and High Scenario

0 Low (RCP 4.5)
= High (RCP 8.5)

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Willamette River Historical and Projected Future Monthly
Streamflow: The timing of peak annual flow is expected to shift from
spring to the middle of winter. The black line is the simulated historical

hydrograph.

Dashed lines are the median hydrographs of 40 models,

and the shaded areas show the 10th and 90th percentile range of all
projections. Streamflow projections are without withdrawals and
regulation by dams.

Data Sources: CMD: AdaptWest, Watershed Classification, Low Flows, Runoff, SWE: CRCC Request Data Here

1950-2010 Historical

2020-2049  High (RCP 8.5) 2040-2069  High (RCP 8.5)

2070-2099 Low (RCP 4.5)

Mixed Snow |

1.0
Watershed Classification: Ratio of peak annual snow
water equivalent to total October-March precipitation.
Data are summarized at the HUC8 basin scale and
shown for all basins that intersect the ecoregion. The
projections show a general change from a few
mixed-rain-and-snow watersheds in the eastern
foothills to all rain-dominant watersheds in the future.
The red dot in the upper-right map denotes the
location for the monthly hydrographs on the
Willamette River.

0.0 0.1 0.4

Projections: Summer Low Flow

The table below shows model median values of
historical and projected change in summer low flows
(7Q2) in cubic feet per second (cfs) at a location on
the Willamette River. Summer low streamflow for
the Willamette River is projected to decrease
throughout the century for both a high (RCP 8.5) and
low (RCP 4.5) scenario. Values in parenthesis are
historical variability (standard deviation) and the
model range (model 10th and 90th percentile) for
three future periods.

Years Scenario Low Flow (7Q2)
1981-2010 Historical 737 cfs (416 to 1057)
2011-2040 High (RCP 8.5) -14% (-49 to -5)
2041-2070 High (RCP 8.5) -23% (-62 to -10)
2071-2100 Low (RCP 4.5) -24% (-60 to -7)
2071-2100 High (RCP 8.5) -31% (-71 to -11)



https://adaptwest.databasin.org/pages/adaptwest-climatena/
https://cig.uw.edu/datasets/columbia-river-climate-change/
https://docs.google.com/forms/d/e/1FAIpQLSdT3rQ_wBhm_sSBRXJPieVnhcAkZc4dkIql2TaVZnrw7O6I9A/viewform

The State of Climate Adaptation Science for
Ecosystems in the Northwest U.S.
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Photo: Forest River, Olympic National Park, Washington. Credit: Photo by Jachan DeVol on Unsplash
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IN THE OVERVIEW

AQUATIC ECOSYSTEM DESCRIPTION
INTERACTION OF CLIMATE CHANGE AND ECOSYSTEM STRESSORS

RISING TEMPERATURES AND ALTERED FLOW EFFECTS ON ORGANISMS
EXTREME EVENTS
ELEVATED CARBON DIOXIDE
CHANGING FIRE REGIMES
CLIMATE IMPACTS ON LAKES AND ECOSYSTEM PROCESSES
CUMULATIVE EFFECTS OF CLIMATE AND EXISTING STRESSORS

AREAS FOR FUTURE RESEARCH

AQUATIC ECOSYSTEM DESCRIPTION

Northwest (NW) aquatic ecosystems are diverse, ranging from coastal lowlands to inland
alpine rivers, streams, lakes, reservoirs, wetlands, and associated riparian areas. Climate-
driven stressors vary across regional elevation gradients and span maritime-to-continental
precipitation and temperature patterns. NW ecoregions can be grouped into four zones to
summarize climate-related stressors for aquatic ecosystems, while also considering major
factors such as migration distance for salmon and human modification: Coastal Mountains
and Lowlands, Inland Mountains, Continental Mountains, and High Inland Plateaus (Table
1, Figure 1). Conditions and ecological responses to climate and existing human stressors
will vary by watershed and site location within each zone (Staudinger et al. 2021).

Aquatic Ecosystem
Zones

Northwest ecoregions
into four aquatic
Aquatic Ecosystem Zones ecosystem zones. Data
Coastal Mountains & Lowlands .
Continental Mountains Source: Elevation data
High Inland Plateaus .
Infand Mountains from Copernicus DEM,
accessed in Google Earth
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CLIMATE EFFECTS: AQUATIC ECOSYSTEMS OVERVIEW

Table 1. Northwest aquatic ecoregions grouped into four larger aquatic ecosystem zones.
The ecoregions in each zone share key climate characteristics and stressors.

and Lowlands

Cascades, Willamette
Valley, Klamath Mtns.,
Cascades

Aquatic Ecoregions - Level lll | Description

ecosystem

zone

Coastal Coast Range, Puget These ecoregions have a strong maritime-influenced wet
Mountains Lowlands, Northern climate, span a wide range of elevations and have a similar

geologic makeup. Increased temperatures over the next
century will influence the rain-dominated flow regimes at low
elevations and decreasing snowpack will influence
snow-dominated regimes in all but the highest watersheds.
Urbanization, dams, agriculture, and habitat alteration are
the main existing human impacts.

Inland
Mountains

Eastern Cascades,
Blue Mtns., Northern
Rockies, Idaho
Batholith

These ecoregions include high-elevation areas that span a
gradient of maritime to continental climates. Ranges here are
drier (esp. summer) and colder than the Coastal Mountains,
but still have more maritime influence than the Continental
Mountains. Climate-altered flow regimes are shifting from
snow- to more rain-dominated in the lower watersheds.
Dams, habitat alteration, logging and grazing are the main
existing human impacts.

Continental
Mountains

Canadian Rockies,
Middle Rockies

These ecoregions include high elevation areas with cold
continental climates. Mountain ranges here are drier with a
pronounced dry summer season and late snow melt.
Climate-altered flow regimes are becoming less
snow-dominated. Dams, habitat alteration, logging and
grazing are the main existing human impacts. This zone has
some of the best protected and well studied high mountain
ecosystems in the region.

High Inland
Plateaus

Southeast Idaho,
Columbia Plateau,
Snake River Plain,
Northern Basin &
Range

These ecoregions are high, relatively flat areas that
collectively span a gradient of maritime to continental
climates. These areas are drier than surrounding mountains
and have a pronounced hot and dry summer season. Aquatic
ecosystems rely on water generated upslope. Protected or
natural areas are very limited in extent and are surrounded
by lands under intensive agricultural use. Dams, agriculture,
habitat alteration, and grazing are the main existing human
impacts.
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INTERACTION OF CLIMATE CHANGE AND ECOSYSTEM
STRESSORS

Direct climate impacts on aquatic ecosystems include rising temperatures, elevated pCO,,
increased UV radiation, altered flow regimes, and interactions among them (Perry et al.
2012; Hasler et al. 2016; Birrell et al. 2020; Rose et al. 2023). Temperature and precipitation
intensity are expected to increase in the region, with declining summer precipitation (see
Climate Projections Overview of this report). Gradual warming and extreme temperature
events, particularly in spring and summer, will alter snow storage and stream flow
magnitudes, as well as the timing, duration, and frequency of key events of aquatic
ecosystems (see Hydrology Overview of this report). Elevated ambient temperatures will
increase water temperatures, with specific thermal responses varying spatially depending
on landscape characteristics, interactions with groundwater or meltwater, hydrologic
connectivity, riparian shading, and degree of flow regulation (Isaak et al. 2020).

The complexity of indirect effects of changing temperature and precipitation in aquatic
ecosystems are at the forefront of research (Figure 2; Rose et al. 2023). Researchers are
building a mechanistic understanding of (1) how rising water temperatures influence
ecosystem processes and organismal responses (e.g. Staudinger et al. 2021), (2) how
watershed-scale processes, particularly wildfire, influence flow regime and water quality
(e.g. Gordon et al. 2022), and (3) the interactive effects with existing ecological stressors on
freshwater biodiversity (e.g. Reid et al. 2019). Aquatic organisms are particularly vulnerable
to climate stress because they are dependent on thermal and flow regimes, with limited
capacity to disperse (Woodward et al. 2010). The specific ecological response and scale of
response vary from the genetic to ecosystem level (Woodward et al. 2010). Observed
responses are now increasing in scope from shifts in individual behavior, physiology,
population dynamics, phenology and range into larger-scale responses, such as
evolutionary adaptation, complex interspecific interactions, and entire ecosystem change
(Scheffers et al. 2016).
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Figure 2. Stressors to aquatic ecosystems are shaped by the cumulative effects of direct
(temperature, precipitation, etc.) and indirect (associated water resources and society,
terrestrial ecosystem) climate impacts. Reprinted with permission from Rose et al. 2023.

RISING TEMPERATURES AND ALTERED FLOW EFFECTS ON
ORGANISMS

Changes in thermal regime and flow regime

Climate change will alter both the flow and thermal regime of stream ecosystems, although
thermal sensitivities vary with elevation (Isaak et al. 2017, 2020). Research continues to
document the ecological impacts of flow alteration with increased sophistication, such as
longer, lower summer low flows with snow-to-rain transitions and their impact on stream
temperature regimes. This includes empirical and modeling studies to advance
understanding of both the expected thermal shifts and potential ecosystem responses.

Aquatic and Semi-Terrestrial Vertebrates. Previous research shows that many vertebrate
populations will be harmed by warming stream temperatures, increasing winter peak
flows, and decreasing summer low flows (Mantua et al. 2010; Pound et al. 2021). In some
areas, lower flows and warmer temperatures contribute to more extensive stream drying,
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which decreases aquatic habitat area and connectivity (Ward et al. 2020). Wetlands,
riparian areas, and the amphibians dependent on them are particularly vulnerable to
warmer winters and longer, drier summers (Kissel et al. 2019). The specific impact of
climate change across the NW depends on species functional or life-history traits that
interact with watershed characteristics. New research highlights the specific relationships
between climate stressors and organisms'’ or populations’ responses.

Aquatic invertebrates. Aquatic insects are sentinels of climate change (Birrell et al. 2020).
High elevation insect populations are at high risk (Giersch et al. 2017; Hotaling et al. 2017);
yet, some cold-water taxa have shown more resilience to warming than expected (Muhlfeld
et al. 2020; Hotaling et al. 2020) and icy seeps may persist as cold-water refugia (Tronstad
et al. 2020). At a given site, climate impacts to aquatic insects will depend on their
sensitivity to individual or cumulative effects of warming.

Resilience to climate change varies among species and depends on the current
conditions. Aquatic species have adapted with an array of strategies for surviving in
dynamic environments. Recent research highlights species’ unexpected and complex
responses to climate-related change.

e Species distributional expansions outpaced contractions across 23 aquatic
vertebrate taxa with a homogenization of these communities in response to
multiple environmental variables (Elliott et al. 2022).

e Tailed frogs and sculpin showed more climate impacts than two salmon species
over a similar time period (Hossack et al. 2023), marking the importance of
considering multiple species in conservation planning (Wang et al. 2020),
particularly, habitat connectivity’s role in species’ survival (LeMoine et al. 2020).

e Some coldwater taxa (bulltrout, cutthroat trout, rocky mountain tailed frog) might
be buffered from increasing ambient temperatures, if high elevation streams less
sensitive to increasing air temperatures can serve as refugia (Isaak & Luce 2023).

Functional traits indicate climate responses by salmon and other fish. Considering
the ways organisms use their environment for survival helps in assessing climate
impacts and adaptation strategies. Some life stages will experience direct climate
impacts, while others may be indirectly impacted through changes to habitat and/or
the food web.

e Salmon and other fish (cutthroat trout, bull trout, dace, sculpin) are thermally
sensitive and shift migration patterns (phenology and range) in response to
environmental change (Lee et al. 2020; Wilson et al. 2023). Shifts are not consistent
across either species or populations (Elliott et al. 2022). Drivers of phenological
change can include changes in temperature across seasons, habitat, population
density, and flow conditions (Sorel et al. 2023).

e Within a population, climate change impacts can differ by life stage/event and can
be complex. Examples include a negative impact on spawning but limited or even
positive impact on rearing (Reeder et al. 2021). Prespawn mortality is of concern in
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spring spawning populations as warming continues (Bowerman et al. 2021),
particularly in female salmon (Hinch et al. 2021).

e Diverse age structure in salmon populations may be more resilient to climate
change by diversifying migration timing across years, even for populations within
the same basin (Nicol et al. 2022). Additionally, natural-origin Chinook are spawning
later in warming rivers but hatchery fish earlier, influencing adaptation to warming
waters (Austin et al. 2021).

e Ocean temperatures and productivity interact with freshwater conditions over the
salmon life cycle. Salmon populations are expected to decline during the marine
stages due to warming seas (Crozier et al. 2021). Observed phenological shifts have
not correlated with environmental or geographic patterns, and importantly, have
not tracked ocean productivity, which might lead to mismatches in ocean arrival and
food production (Wilson et al. 2023).

e Salmonids’ options/access to food sources may diminish with homogenization of
flow regimes (Bellmore et al. 2022). Different feeding strategies across fish will be
impacted differently based on the food sources - terrestrial versus aquatic
(Benjamin et al. 2022). Increases in secondary productivity (stream
macroinvertebrates) could offset the loss of other food sources, but could have
other implications for diversity and resilience (Dunkle et al. 2024).

e Adaptation is limited by usable habitat area and connectivity, which can be reduced
by decreased flows due to snow loss (Tonina et al. 2022), stream drying and habitat
loss (Ward et al. 2020), or flow regime changes that affect habitat characteristics for
key life stages, such as spawning and incubation (bull trout) (Kaeding & Mogen
2023).

The effects of warming on hydrologic regimes are expected to have a greater effect
than direct exposure to higher temperatures. Reduced snowpack, retreating glaciers,
lower summer flows, and altered meltwater volume and timing can have
multivariate effects on insect performance and species composition. Organisms
respond not only to temperature changes but also to temperature-associated changes
such as lower dissolved oxygen concentrations and ionic toxicity (Orr & Buchwalter 2020;
Jacobsen 2020).

e Driving mechanisms of climate impacts to aquatic insects are intertwined. For
example, reduced habitat area due to lower water levels alters connectivity (Giersch
et al. 2017), lower water levels compound temperature increases and fewer snow
cover days can lead to increased UV-B exposure (Birrell et al. 2020).

e Warmer waters have lower capacity for dissolved oxygen and lead to increased rates
of metabolism. Metabolic oxygen demand thus increases with temperature. Oxygen
depletion can alter insects’ physiology or exceed tolerances, potentially causing
range shifts to higher elevations with warming (Jacobsen 2020).

e Increases in temperature can drive ion transport increases which can make water
toxic to aquatic organisms (Orr & Buchwalter 2020). This impact is likely
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compounded by higher salinity of freshwaters due to human impacts, such as
fracking, road de-icing, etc.

Climate stress produces a range of biological responses. The diversity of ways insects
survive in changing environments provides valuable insight into the complexity of
predicting ecosystem response to climate change. The cumulative effect on organisms
varies across levels of biological organization, including impacts on species distributions,
decoupled interspecific interactions, and survival at specific life stages.

e To understand either stressors or organismal responses, it is necessary to define
the scope and importance of potential responses across levels of biological
organization (Birrell et al. 2020) and the timing of life-history stages or cues in
relation to climate stressors (Finn et al. 2022).

e Insect phenology is affected by climate change in complex ways (including biotic
interactions) that vary by population or species and timeframe, influencing lab study
design and modeling assumptions (Finn et al. 2022).

e Cold-sensitive taxa may tolerate higher temperatures than expected (Muhlfeld et al.
2020) but can become more susceptible to biotic interactions such as competition
with other taxa that are expanding their ranges into former coldwater habitats
(Hotaling et al. 2020). However, the sensitivity to thermal stress might be better
understood by long rather than peak exposures. For example, the threatened
meltwater stonefly (Lednia tumana) shows resilience to short term peak
temperatures (Hotaling et al. 2020) but sensitivity to longer chronic exposures
across life stages, illustrating a complex multi-trait response to climate change (Shah
et al. 2023).

e Wetland macroinvertebrates show sensitivity to temperature and precipitation,
particularly in warm-dry wetlands where entire families of insects are at risk (Epele
et al. 2022).

Climate impacts to riparian and wetland vegetation are both direct and indirect,
such as altered flow regimes, drier soil conditions, and increased atmospheric CO,
(Perry et al. 2012). Changing climate conditions induce plant heat and water stress, reduce
biomass and increase seedling mortality, alter phenology and range shifts, and disrupt
interspecific interactions (Garssen et al. 2014). Compositional changes are varied but
generally favor more drought-tolerant species, reduce habitat quality for animals, and alter
numerous ecosystem functions (Perry et al. 2012).

e Mountain streams fed by meltwater are becoming homogenized with warming due
to the loss of high-disturbance events associated with melting ice or snow. Resulting
changes to the form and dynamics of the stream channel and floodplain may trigger
shifts in riparian community composition to fewer shrubs and more herbaceous
species (McKernan et al. 2018).

e Peak streamflow events from snowmelt are shifting earlier with warming,
decoupling phenological stages, such as seed release from peak flows and reducing
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seedling recruitment (Perry et al. 2020). At a regional scale, such decoupling could
cause major shifts in the composition of early successional species.

e As summer droughts become longer and more frequent, highly drought-stressed,
ephemeral riparian and wetland areas are projected to disappear; others will
become drier (Garssen et al. 2014), causing shifts in species composition (Stromberg
et al. 2017; Dwire et al. 2018). Vegetation communities are expected to generally
shift in composition to more upland and later serial species (Perry et al. 2012).

EXTREME EVENTS

Studies of climate impacts on ecosystems commonly focus on long term averages of
directional change, rather than short-duration extremes (Adrian et al. 2012; Nadeau
et al. 2017). Research is emerging on the potential impact of discrete, short-duration
peak events on ecosystems, particularly organisms.

e Peak discharge increases are expected throughout the NW with contrasting
longitudinal patterns of increases in west-side versus east-side basins (Queen et al.
2021). Both the magnitude and timing of hydrological events have implications for
aquatic organisms.

e Predators can buffer the destabilizing impacts of extreme heat events in aquatic
communities (Ross et al. 2022). This suggests conserving trophic structure can foster
ecological resilience surrounding extreme events.

e Flow regime and water temperature of neighboring streams show contrasting
hydrologic response to glacier melting caused by heat waves (Pelto et al. 2022).
Aquatic communities might be buffered by the effects of short-term glacier melting
(higher discharges and lower temperature increases).

e Time step influences the degree of impact in life-cycle models of coho salmon
(Bellmore et al. 2023). Models of climate impact that do not represent extreme
events might inadvertently minimize stressors on aquatic ecosystems.

ELEVATED CARBON DIOXIDE

Riparian and aquatic responses to rising CO, are not straightforward, reflecting the
complexity of disentangling ecosystem responses to multiple climate drivers and
cascading impacts.
e Inriparian ecosystems, elevated atmospheric CO, will likely stimulate
photosynthesis, growth and water use efficiency. Yet, drier floodplain conditions
might offset gains in plant productivity (Frelich & Reich 2010; Perry et al. 2012).
e Aquatic ecosystems have not shown consistent changes in dissolved CO, (pCO,),
altered ecosystem function nor organismal responses (Hasler et al. 2016, 2018;
Toavs et al. 2023). Documented ecological impacts include altered stoichiometry
(Urabe et al. 2003), nutritional quality, plankton community structure,
photosynthesis, macrophyte distribution (Hasler et al. 2016; Reitsema et al. 2020),
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freshwater mussels (Jeffrey et al. 2018), to fish (Ou et al. 2015; Treanor et al. 2020),
as well as studies showing no impact (Traynor et al. 2023).

CHANGING FIRE REGIMES

More frequent and severe wildfires in the Northwest (Abatzoglou & Williams 2016)
are causing multiple effects on aquatic and riparian ecosystems.

e Stressors range from the direct damage or removal of riparian vegetation by
wildfires to long-term post-fire watershed conditions that alter water quality and
quantity. More severe fires may be more impactful on aquatic/riparian ecosystems
in the future (Minshall et al. 2001; Jager et al. 2021) because removal of riparian
vegetation negatively impacts both riparian and aquatic habitat. Loss of riparian
vegetation reduces shading effects on streams, making water more susceptible to
warming (Koontz et al. 2018; Warren et al. 2022).

e Although the moisture in riparian ecosystems can increase their resilience to direct
impacts of fire compared to neighboring uplands (Jager et al. 2021), the indirect
impacts of wildfires in the watershed can threaten water quality and supply and
thus aquatic/riparian habitat and ecosystem services (Robinne et al. 2020, 2021).

e Changing fire regimes cause changes in upland vegetative cover and exposed soil,
which can rapidly alter hydrology as well as pathways of sediment and nutrients
(such as nitrogen) entering aquatic systems (Gustine et al. 2022). Excess nitrogen in
post-fire runoff pollutes water bodies and can deprive upslope soils of nutrients that
would be needed for vegetative regrowth, potentially inhibiting post-fire recovery
and prolonging effects on aquatic ecosystems. Initial results from intermittent
streams suggest that we have an incomplete understanding of the effect of fire on
stream water chemistry (MacNeille et al. 2020).

e Wildfire impacts are affecting aquatic and semi-terrestrial species’ distributions and
assemblages, although the impacts can be species specific (Pilliod et al. 2022)

CLIMATE IMPACTS ON LAKES AND ECOSYSTEM PROCESSES

Ongoing climate warming can alter the transport and processing of key nutrients
(carbon, oxygen, nitrogen, etc.) in watersheds and freshwater ecosystems. Altered
nutrient processing will impact the basal resources in aquatic food webs. Lake
research provides key insights for climate impacts on freshwater processes.

e Warmer climates are expected to alter the timing of lake stratification in northern
hemisphere lakes (Woolway et al. 2021). An approximately 1-month-longer period of
stratification per year will lead to accelerated deoxygenation, which can impact
nutrient mineralization, phosphorus release from sediments and potentially
decouple basal resource production from organismal phenologies.

e Lakes receive the bulk of their carbon budget from terrestrial sources. Warming
climates can impact the hydrological connectivity between the two ecosystems and
either increase (lake browning’) or decrease basal carbon delivery to lake
ecosystems depending on environmental context (Johnston et al. 2020). Decreases
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in lake transparency from deglaciation (increase in organic carbon) can have similar
ecosystem impacts (Olson et al. 2018). Altered carbon cycling can have large
ecosystem-level ramifications, such as effects to heat transfers between Earth and
atmosphere, photochemical reactions in water, phytoplankton productivity, and
entire ecosystem functioning.

e Warming waters and increases in nutrient fluxes have already increased the scale of
harmful algal blooms globally, although some climate signals are weakened by
interactions with management gains (Ho et al. 2019). Recent evidence suggests that
cyanobacteria blooms can also occur in cold water, muddying a simple climate
prediction of more algal blooms in persistently warm reservoirs (Reinl et al. 2023).

CUMULATIVE EFFECTS OF CLIMATE AND EXISTING STRESSORS

Climate impacts can be buffered or compounded with existing anthropogenic stressors,
such as flow alteration, land-use change, and invasive species (e.g., Comte et al. 2021).
Attributing ecological change to climate drivers and recommending management actions
requires considering the interaction of multiple ecological stressors.

Warming conditions compound existing impacts on fish. Warming waters can induce
physiological stress or habitat loss, trigger phenological or range shifts in coldwater
adapted species, and may cause increasing interactions with warm water adapted
invasive species such as smallmouth bass.

e Smallmouth bass populations are expected to increasingly overlap with critical
habitat of multiple native salmon and trout species which will continue to limit
conservation and recovery efforts of endangered salmonid species (Rubenson &
Olden 2020; Winkowski et al. 2024).

e Cutthroat trout are likely to be impacted both by warming and related biotic
interactions (Heinle et al. 2021). Shifts in emergence and outmigration timing of
Chinook salmon will experience different predation by pressures from largemouth
bass under warmer conditions (Hawkins et al. 2020).

Multiple climate drivers and existing management influence riparian vegetation.
Riparian vegetation is adapted to variability in changing atmospheric and stream
flow conditions. Riparian vegetation in the NW is heavily impacted by flow
regulation, grazing, and clearing.

e Large dams can remove the climate signature of downstream flow regimes, thereby
decoupling atmospheric and shallow groundwater elevations on floodplains.
Riparian vegetation on regulated floodplains is buffered from drought with elevated
groundwater, yet their natural resilience is undermined by relaxing the hydrological
variation they are adapted to (Rohde et al. 2021).

e Livestock grazing can create drier wetland and riparian conditions, and shift species
assemblages (Kauffman et al. 2022). Removal of riparian grazing can reduce the
climate impact of drying floodplain conditions.
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Studies increasingly analyze climate impacts in relation to anthropogenic
alterations, such reservoir management, hydrological response to wildlife and
timber management, and mining. Environmental management increasingly needs to
address both current and future ecological issues.

e Drought conditions are likely to increase reservoir drawdown frequency and
magnitude. Increased reservoir drawdowns reduce kokanee habitat (McLaren et al.
2023).

e Salmon redd locations and egg survival are affected by warming waters or scour
depth during high-flow events; yet, in some areas the impacts of events such as
wildfire supersede more direct climate impacts (Jacobs et al. 2021).

e Patterns of timber harvest and subsequent forest regeneration over time affect low
flows, which can compound or mitigate climate-driven low flows (Coble et al. 2020).

e Mineral mining across western North America impacts salmon populations
(Sergeant et al. 2022). Environmental assessments of mining and other stressors do
not traditionally incorporate dynamic climate conditions.

AREAS FOR FUTURE RESEARCH

Climate impact research continues to deepen our understanding of ongoing and future
ecosystem change related to a complex mix of drivers and responses across biological
levels of organization.

e While climate change is at the forefront of the research agenda, most ecological
studies in the NW are either motivated by climate change or report potential
implications, with only a smaller subset of studies with study designs to quantify
climate impacts. Most of these are laboratory or modeling studies, leaving a gap in
observation of the complex ecological responses of climate change, spanning the
levels of ecological organization. Empirical studies are necessary to build a complete
understanding along with lab and modeling results.

e Long-term datasets of climate drivers are fundamental, such as water temperatures
(Isaak et al. 2017). But so are long-term monitoring datasets of ecological responses,
including datasets across taxa, elevation, and location.

e Most studies consider gradual shifts in temperature and climate (press
disturbances) with fewer studies examining the impacts of extreme events (pulse
disturbances). Extreme events may be most critical in determining the future of
aquatic and riparian ecosystems.

e Most studies on riparian vegetation in the NW focused on riparian management and
not on climate impacts. There are many studies of riparian shading on streams and
climate impacts to riparian areas outside the NW, but a limited number focus
specifically on riparia.

e Studies of innovative solutions require scientific focus before broad application.
Some include restorative aquaculture (Overton et al. 2023), riparian restoration
(Beechie et al. 2023), beaver reintroduction (Dittbrenner et al. 2022), highlighting
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coldwater refugia (Mejia et al. 2023), and changing restoration design strategies for
ecological resilience (Tullos et al. 2021).

e The physiological tolerances of organisms to change across life stage provides
important insights in the species response and to causal mechanisms; yet, these
types of studies are limited to a few numbers of taxa, namely alpine insects.

e Separating climate from existing anthropogenic impacts requires specific knowledge
of causal mechanism and place. More studies addressing the buffering or
compounding interactions among stressors will likely help managers make
climate-advised decisions to foster ecological resilience.



Blue Mountains, Eastern Cascades,

Northern Rockies, Idaho Batholith

Aquatic Ecosystems

Regional Description

The ecoregions listed above have been combined
and renamed “Inland Mountains”. They include dry,
forested uplands with dry grassland or shrub/scrub
in the lowlands. Aquatic and riparian ecosystems
here are adapted to colder, drier conditions than
the coastal mountains. Salmon and other migratory
species face many seasonal temperature- or
flow-related barriers to reach inland tributaries and
headwater streams. Winter precipitation is shifting
from snow to rain, in some cases triggering
ecological responses such as shifts in migration
timing. Summer water supply is mainly from
melting ice and snow or from groundwater seeps or
springs. Warmer, longer, and drier summers will
contribute to multiple stressors on aquatic and
moisture-limited riparian ecosystems.
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Map of ecoregions in the Pacific Northwest. Inland Mountains
are primarily covered by trees (dry forest). Areas of crops,
grass, shrub and scrub are mainly in the lowlands of the
southern regional extent.Data: Dynamic World Land Cover

Management Considerations

e Uplands with consistent snowpack and moisture
availability through summer may be resilient to
climate change but still susceptible to wildfire.

The physiological tolerances of organisms across
life stages or during extreme events are
important considerations and topics of current
research. In particular, the cumulative exposure
of coldwater species to higher temperatures
over time or at key life stages may be critical.

Lower flows and warmer temperatures will
cause more extensive drying of lowland streams
and wetlands, reducing aquatic and riparian
habitat area and connectivity.

Interactions among species (particularly those
involving warmwater invasive species) may
intensify as populations or species begin to
overlap geographically in response to warming.
Areas of habitat loss due to lower flows or
drying, warming coldwater habitats, and refugia
are thus likely to be the sites of multiple,
interacting climate and existing stressors.

e Dams, habitat alteration, logging and grazing are
the main existing human impacts.

Future Research Areas

® Field studies have been too limited in scope to fully
characterize future climate impacts to riparian and
aquatic ecosystems.

e Impacts of changing wildfire regime on riparian and
aquatic ecosystems are not well understood.

e Climate impacts to riparian and
groundwater-dependent ecosystems have major
knowledge gaps.

e Multiple stressors and ecological responses
interact, making it difficult to predict combined
impacts such as warming and competition from
nonnative fish on native fish species.
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Blue Mountains, Eastern Cascades,
Northern Rockies, Idaho Batholith

Aquatic Ecosystems

Managing Ecosystem Stressors

Description

Land use impacts habitat and
constrains species’ survival. Dry
conditions are exacerbated by
water withdrawals, grazing
impacts, degraded water
quality, and food web
disruptions. Increased wildfire
frequency and severity in
forests may lead to increased
area with post-fire conditions
susceptible to rapid runoff,
erosion, and pollution of
aquatic systems.

Strategy Habitats

Riparian buffers or native
vegetation communities for
ecosystem services
Coldwater fish migration
corridors in the mainstem
rivers and spawning habitat in
the tributary streams
Wetland complexes and
groundwater dependent
ecosystems

Intermittent and drying
perennial streams

Lower Summer Water Levels (Minimum Flows)

Description

Declining snowpack will cause
longer and more frequent low
water conditions in streams,
lakes, wetlands, and
groundwater in summer.
Intermittent streams and
wetlands will increase in area

and number and will have more

frequent and longer dry
periods. Drying changes
chemical properties and
reduces habitat area and
connectivity for aquatic and
riparian species.

Water Quality

Description

Water temperatures in the
lowlands are predicted to
gradually increase, punctuated
with extreme heat events that
drastically affect life in and
adjacent to water bodies.
Warming water temperatures
will have compounding effects
with sediment and nutrient

pollution as combined stressors

on aquatic organisms.

Strategy Habitats

Intermittent and drying
perennial streams

Wetland complexes,
groundwater dependent
ecosystems, and associated
habitats for flora and fauna
(e.g., tailed frogs)

Habitat and corridors for bull
trout, cutthroat trout, and
salmon

Native riparian vegetation
communities

Coldwater refugia

Strategy Habitats

Riparian buffers or native
vegetation communities
Coldwater fish migration
corridors in the mainstem
rivers and spawning habitat in
some tributary streams
Headwater streams identified
as climate refuge for
coldwater fish and the cool
water influence downstream
on other critical habitats

Management Actions

Protect riparian areas through
managed grazing or forest
practices

Implement forest practices for
fuels reduction and to
mitigate post-fire impacts
throughout watersheds
Support research to fill the
major knowledge gaps for
aquatic/riparian species and
ecosystems in these
ecoregions

Management Actions

Arrange water releases from
reservoirs to help support key
life stages

Adjust summer water use in
key locations to maintain
minimum flows

Plant and maintain riparian
and wetland vegetation, use
natural or artificial beaver
dams to increase infiltration
and ephemeral storage
Support research to fill
knowledge gaps for inland
aquatic/riparian ecosystems

Management Actions

Pursue integrated
management approaches that
span private and public lands.
Plant and maintain vegetation
to increase riparian shading
and increase upland and
floodplain filtration

Maintain minimum flows to
moderate instream
temperatures

Support research to fill the
major knowledge gaps



Canadian Rockies, Middle Rockies

Aquatic Ecosystems

Regional Description

The ecoregions listed above have been combined
and renamed “Continental Mountains”. Aquatic
and riparian ecosystems here are adapted to
colder, drier conditions than the coastal
mountains. Summer water supply originates from
melting ice and snow in late spring-early summer
or from groundwater seeps or springs. Vegetation
communities in riparian areas and wetlands have
been shaped by meltwater patterns and flows and
are already showing some impacts of the loss of
glaciers, later snowmelt, and loss of headwater
storage. At lower elevations, riparian and wetland
communities are distinct from adjacent dryland
communities and are often moisture-limited
during the dry summer season. Warmer, longer,
and drier summers are projected, which will
contribute to multiple stressors on aquatic and
riparian ecosystems.
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Map of ecoregions in the interior Pacific Northwest. The
Continental Mountains are primarily covered by trees (dry, inland
forest). There are some areas of crops, grass, or shrub and
scrub, mainly in southwestern Montana and central Idaho.Data:
Dynamic World Land Cover

Management Considerations

e Loss of glaciers and decreasing headwater
storage are major concerns. Areas of habitat loss
due to loss of snow and ice will likely be the sites
of multiple, interacting stressors.

e Warmer temperatures will contribute to changes
in species assemblages and vegetation structure
in meltwater-influenced habitats. Species
interactions may intensify as shifting ranges or
phenology cause new overlaps in suitable
habitat. Of particular concern are increasing
population sizes or expanding ranges of warm
water invasive species.

e Lower-elevation areas will likely experience more
extensive drying of streams and wetlands,
reducing aquatic and riparian habitat area and
connectivity. The potential of restoration impacts
is influenced by valley configuration, including
confined and unconfined reaches.

e Wildfires can compound stressors by removing
cover with consequences such as increased
erosion and loss of shading effects.

e Physiological tolerances across life stages or
during extreme events are important
considerations and topics of current research.
The cumulative exposure of salmon to higher
temperatures over the great migration distances
to spawning grounds is a major stressor.

e Dams, habitat alteration, logging and grazing are
the main existing human impacts in the region.

Future Research Areas

® Loss of snow and ice drives both gradual and
step-change (across threshold) effects that can
transform ecological structure and function in
meltwater-influenced systems but can be difficult
to predict.

e Most field studies occurred in Glacier National
Park; the remaining areas are understudied and
might have different responses to climate change.

e Little is known about how physiological tolerances
vary by species and life stage as well as the
intensity and duration of melting or of extreme
heat events.
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Canadian Rockies, Middle Rockies

Aquatic Ecosystems

mmm) Loss of Glaciers

Description
Loss of ice and snow will °
decrease the area and quality

of meltwater habitats. While

some warming may be °
mitigated by icy seeps, other
coldwater refugia may be lost, e
reduced in area, or occupied by
warmwater-adapted species. °
Vegetation communities may

shift from shrub to more
homogeneous, herbaceous
species assemblages.

Barriers to Movement

Description
Natural and anthropogenic °
barriers to fish passage affect
climate change vulnerability.
Organisms that cannot move to
avoid excessive exposure to °
warming waters or to access
coldwater refugia may not
survive.

Description

Loss of ice and snow will °
decrease headwater storage
during the dry season. °
Melt-driven peak flows will

occur earlier in springand will

decrease as glaciers recede.
Low flows will be lower, persist
longer, and amplify warming in
aquatic habitats. Reservoir
drawdown for human use will
compound water availability
challenges.

Managing Ecosystem Stressors

Strategy Habitats
Meltwater-dependent habitats

in headwater streams and
riparian areas

Native riparian vegetation
communities

Coldwater refugia created by
icy seeps or groundwater
Spawning habitat for
coldwater-specialized fish

Strategy Habitats

Streams and tributaries that
provide habitat for smaller,
less mobile fish species (that
are less adaptable)
Bottlenecks where removal of
few barriers or addition of fish
passage structures would
effectively improve
connectivity for fish

Areas of key habitat for native
fish that are vulnerable to
invasive species

Loss of Headwater Storage
Strategy Habitats

Bull trout spawning habitat in
headwater streams
Coldwater refuge habitat for
native fish populations
Critical habitats and migration
corridors downstream from
reservoirs that could provide
cold water during critical
periods

Management Actions

Support research to fill the
major gaps in ecological
knowledge of aquatic/riparian
species and meltwater
dependency in these
ecoregions.

Expand the geographic range
of field studies/observations
to include areas beyond
Glacier National Park

Management Actions

Remove anthropogenic fish
barriers such as culverts
Provide options for fish
passage to maintain
connectivity

Control invasive species that
could benefit from warming
waters and increased
connectivity

Consider trade-offs among
target and invasive species
when connectivity-enhancing
actions could resultin
negative impacts

Management Actions

Consider impacts to native
fish when defining acceptable
reservoir drawdown.
Address legacy grazing
impacts that impede
headwater stream ecosystem
resilience.

Support research to fill the
major knowledge gaps
regarding anticipated flow
regime changes and impacts
on aquatic/riparian species in
these ecoregions.



Cascades, Coast Range, Klamath Mountains,
North Cascades, Puget Lowlands, Willamette Valley

Aquatic Ecosystems

Regional Description

The ecoregions listed above have been combined
and renamed “Coastal Mountains and Lowlands”
because of their similar climate and headwater
connectivity. Aquatic and riparian ecosystems in
this maritime-influenced, wet climate span a wide
range of elevations. The highest elevation areas
may remain snow-dominated and ecosystems there
may be buffered against warming and flow regime
changes. However, most mountain and lowland
ecosystems in these ecoregions will be impacted by
climate-driven flow regime changes and existing
high population pressures. Direct effects of
temperature changes are a concern for some
riparian and aquatic organisms but may be less
pronounced in these ecoregions than others in the
Northwest.

Management Considerations

e The main existing human impacts are
urbanization, dams, timber harvest, agriculture,
and habitat alteration. Collectively, these human
impacts may exacerbate flow extremes and
detract from the adaptability of riparian and
aquatic species.

e Lower summer low flows reduce aquatic habitat
and limit moisture availability for riparian habitat
and are thus a concern for organisms
throughout this region.

e Amphibians and other organisms that depend
on wetlands and riparian areas are vulnerable to
warmer winters and warmer, drier summers.

e Extreme events such as high peak flows or heat
domes may have significant impacts on
organisms’ survival, depending on the season
(life stage) at which they occur.

e Secondary impacts such as homogenization of
flow regimes will likely affect survival of aquatic
species

e For salmon, the mismatch in timing between
ocean arrival and food production is a concern.
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Map of ecoregions in the Pacific Northwest west of the Cascade
Crest. Coastal mountains and lowlands are primarily covered by
trees (humid forest), crops, and developed areas. Data: Dynamic
World Land Cover

Future Research Areas

e Impacts of changing wildfire regimes on riparian
and aquatic systems in these ecoregions are not
well characterized.

e The effects of forest management practices on
summer low flows are difficult to determine due to
the complexity of hydrology.

® The combined impacts of climate stressors are
difficult to predict because physiological tolerances
vary by species and life stage and in relation to the
intensity and duration of extreme temperature or
flow events.
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Cascades, Coast Range, Klamath Mountains,
North Cascades, Puget Lowlands, Willamette Valley

Aquatic Ecosystems

Managing Ecosystem Stressors

- Peak Water Levels (High Flow Events)

Description

Changes in timing, frequency,
and magnitude of peak water
levels impact ecosystems
differently, based on elevation
and snow dependency.
Rain-on-snow events cause
earlier, higher spring floods
with streambed scour that
affects salmon egg survival.
Floods are flashier when severe
wildfires increase impervious
surfaces or reduce infiltration in
watersheds.

Strategy Habitats

e Salmon spawning habitat,
particularly for populations
with egg incubation stages
during late winter-early spring
in tributaries or headwater
streams

e Areas impacted by post-fire
runoff or erosion

e Areas where restoration can
improve hydrology with
ecological co-benefits.

Lower Summer Water Levels (Minimum Flows)

Description

Lower, longer-lasting summer
low flows are exacerbated by
water withdrawals. Lower water
levels will directly impact
aquatic species including
salmon with summer migration
or rearing stages in amphibians
such as the Cascades frog.
Adaptability is limited by
anthropogenic factors including
urbanization, degraded water
quality, and food web
disruptions by introduced
species.

) \\/ater Quality

Description

The water in the lowlands of
these ecoregions already has
poor water quality due to
historical and current land use.
Warming water temperatures
will have compounding effects
with sediment and nutrient
pollution as combined stressors
on aquatic organisms.

Strategy Habitats

e Salmon migration corridors
and rearing habitat

e Amphibian habitat, including

riparian or wetland complexes

and groundwater-dependent

ecosystems

Forested riparian areas or

riparian buffers

e Native riparian vegetation
communities located in
agricultural areas

Strategy Habitats

e Riparian buffers or native
vegetation communities

e Salmon migration corridors

and rearing habitat

Coastal fish habitat in

lowlands

e Headwater streams identified
as climate refuge for
coldwater fish and the cool
water influence downstream
on other critical habitats

Management Actions

e Restore floodplain vegetation
and aquatic connectivity to
promote resilience by
allowing populations to move
in response to changing
environments.

e Implement forest practices
that reduce wildfire severity
or mitigate risk of negative
post-fire impacts, including
fuels reduction and post-fire
erosion mitigation.

Management Actions

e Maintain minimum flows or
water levels for species of
concern such as salmon with
summer migrations

e Increase headwater and
floodplain storage via riparian
vegetation restoration and
floodplain reconnection

e Implement forest and
agricultural practices or
policies promoting water
conservation throughout
watersheds.

Management Actions

e Moderate water temperatures
with vegetated riparian
corridors and natural or
artificial beaver dams that
increase temporary storage

e Maintain minimum flows or
water levels to mitigate
summer warming

e Implement forest and
agricultural practices or
policies promoting riparian
and water conservation.



Columbia Plateau, Northern Basin and Range,
Snake River Plain, Southeast Idaho

Aquatic Ecosystems

Regional Description

The ecoregions listed above have been combined
and renamed “High Inland Plateaus”. Aquatic and
riparian ecosystems in these dryland areas rely on
water generated upslope. Summer water supply
originates from snowpack in surrounding
mountains or from groundwater seeps or springs.
Vegetation communities in riparian areas and
wetlands are distinct from adjacent dryland
communities and are often highly adapted to
changing moisture conditions, particularly intra-
and interannual variability in water availability.
Warmer, longer, and drier summers are projected
for this area, which will contribute to multiple
stressors on aquatic and riparian ecosystems.
Invasive species that benefit from warming may
also be of increasing concern in the future.
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Map of ecoregions in the Pacific Northwest. The High Inland
Plateaus combined region is primarily covered by crops, grass,
shrub and scrub. Data: Dynamic World Land Cover

Management Considerations

e Invasive species have been a persistent problem,
particular in lowland (warmwater) aquatic and
riparian ecosystems in this region, where
non-natives outnumber native species.

e Direct exposure to warmer temperatures and
associated factors such as lower dissolved
oxygen concentrations are a major concern.

e Lower flows and warmer temperatures will
contribute to more extensive drying of streams
and wetlands, reducing aquatic and riparian
habitat area and connectivity.

e Interactions within and among species may
intensify as populations or species begin to
overlap geographically in response to warming.
Areas of habitat loss due to lower flows or
drying, warming coldwater habitats, and refugia
are thus likely to be the sites of multiple,
interacting climate and existing stressors.

e The physiological tolerances of organisms across
life stages or during extreme events are
important considerations and research topics. In
particular, the cumulative exposure of coldwater
species, such as salmon to higher temperatures
over time or at key life stages will be critical.

e Riparian vegetation, groundwater or reservoir
storage releases may help mitigate impacts on
coldwater dependent species.

e Dams, agriculture, habitat alteration, and grazing
are the main existing human impacts.

Future Research Areas

Warming and drying cause multiple, cascading
responses ranging from gene to ecosystem in scale.
Impacts of changing wildfire regime on
riparian/aquatic ecosystems are less understood.
Multiple stressors and ecological responses
interact, making it difficult to predict combined
impacts or characterize the natural state of these
ecosystems, past or future.

Models and empirical data are being used to better
understand stressors and responses for key species
throughout the life cycle.

Ecological studies are limited in these ecosystems.
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Columbia Plateau, Northern Basin and Range,
Snake River Plain, Southeast Idaho

Aquatic Ecosystems

Managing Ecosystem Stressors

Description

Historic land use continues to
impact habitat and constrain
species’ survival. Water
withdrawals in the dry season
exacerbate dry conditions in
aquatic/riparian ecosystems,
which are also stressed by the
physical impacts of grazing,
degraded water quality in
streams and wetlands, and
food web disruptions by
introduced predatory fish
species.

Strategy Habitats

e Riparian buffers and native
riparian vegetation
communities providing
ecosystem services

e Salmon migration corridors in
mainstem rivers and
spawning habitat in tributary
streams (albeit limited extent)

e Wetland complexes and
groundwater-dependent
ecosystems

e Intermittent and drying
perennial streams

Lower Summer Water Levels (Minimum Flows)

Description

Declining snowpack will cause
longer and more frequent low
water conditions in streams,
lakes, wetlands, and
groundwater in summer.
Intermittent streams and
wetlands will increase in area

and number and will have more

frequent and longer dry

periods. Drying changes

chemical properties and

reduces habitat area and
connectivity for aquatic/

riparian species.

Water Quality

Description

Water temperatures in these
ecoregions are predicted to
gradually increase with likely
extreme heat events affecting
life in and adjacent to water
bodies. The water in this zone
already has poor water quality
due to historical and current
land use.

Strategy Habitats

e Intermittent and drying
perennial streams

e Wetland complexes,
groundwater dependent
ecosystems, and associated
flora and fauna, such as the
Columbia spotted frog

e Mainstem streams support
salmon migration with some
tributaries supporting
spawning and rearing

e Native riparian vegetation
communities

Strategy Habitats

e Riparian buffers and native
riparian vegetation
communities providing
sediment/pollutant removal
and shading

e Salmon migration corridors in
the mainstem rivers and
spawning habitat in some
tributary streams (Warming
waters in these transit zones
increase water temperatures
in other critical habitats
downstream.)

Management Actions

e Pursue integrated
management approaches that
span private and public lands

e Restore and maintain riparian
vegetation through
management (fencing,
planting, etc.) and/or policy
incentives

e Support research to fill the
major knowledge gaps in
dryland aquatic/riparian
ecosystems.

Management Actions

e Arrange water releases from
reservoirs to support key
life stages.

e Maintain minimum flows
through the dry season.

e Plant and maintain vegetation
to increase upland and
floodplain infiltration.

e Support research to fill the
major knowledge gaps for
dryland aquatic/riparian
species, ecosystems, and
restoration.

Management Actions

e Pursue integrated
management approaches that
span private and public lands.

e Plant and maintain vegetation
for shading and to increase
floodplain filtration.

e Support research to fill the
major knowledge gaps for
dryland aquatic/riparian
ecosystems.



CLIMATE ADAPTATION:

Aquatic Ecosystems

Overview

Connectivity and timing are essential considerations for
adaptation in aquatic ecosystems. Climate-related
stressors operate at site to watershed scales, depend on
connectivity, and are cumulative throughout
watersheds. Aquatic ecosystems are highly dynamic and
adaptation potential varies by species and life stage.
Pacific Northwest aquatic settings vary in condition and
climate effects and the effectiveness of adaptation
strategies will vary. Many watersheds will experience
step-changes due to reduced snowpack or ice and shifts
in precipitation patterns. Adaptation strategies will need
to address potentially significant changes to stream flow
and temperature through the year. It is difficult to
predict the effects of individual stressors on aquatic
ecosystems for a any one time and place. One approach
is to implement actions that are likely to promote
species’ ability to adapt and ecosystem resilience.

Adaptation Options

WHAT IT MEANS: Determine priority areas to
restore and protect. Goals may be shaped by
species of concern, ecosystem function or
resilience. Strategies include restoring riparian
vegetation communities, installing instream
structures such as beaver dam analogs, and
controlling or removing invasive species.

WHY IT WORKS: Process-based restoration aims
to promote species’ survival by leveraging their
adaptability and to enhance ecosystem resilience
rather than aim for static targets. Increasing
habitat heterogeneity increases options for
organisms to respond to stressors such as high
flow events by moving to slow water refuges.

FINDING THE SCIENCE:

Beechie et al. 2023

e This study recommends important restoration
locations and actions for individual salmon
species based on a modeling study in the
Chehalis River Basin of Washington.

Nash et al. 2021

e This study presents a process-based
framework to guide expectations and
effectiveness monitoring of beaver-related
restoration actions in 6 case studies across the
Western US, including 3 sites in Oregon.

)
(1]
by
=0
(1°)
L
‘=
o
‘=
(a
)
(9
()]}
-
(o]
ot
(a B
©
o
(¢°]
.;
C
Q
S

THE METHOW BEAVER PROJECT

DESCRIPTION: The Methow Beaver Project is a local
conservation initiative that takes a multifaceted approach to
reduce conflict between landowners and beavers and to
improve aquatic/riparian habitats throughout the Methow
watershed. This group provides education and assistance to
landowners to address challenges to co-existence with
beavers on their property. They can provide physical
assistance with technical solutions or connect the
landowner with cost-sharing opportunities. Where conflict is
irreconcilable, the group relocates beavers to a more
favorable setting on forested public lands higher in the
watershed. In some cases, they intervene to restore habitat
to sufficient integrity to support beavers before relocation.
Habitat restoration actions include installation of beaver
dam analogs or post-assisted log structures to capture
water, recruit beavers, and assist in beaver establishment at
those sites.

AT A GLANCE:

e Goals: to restore natural functions (minimum flows,
temperature, habitat) to rivers and streams to promote
their resilience to climate-related stressors

e Location: Methow Valley, Washington State

Timeline: This project is ongoing since 2008

e Strategies: Process-based river restoration using
beaver-related restoration techniques

e Project Links: https://methowbeaverproject.org/

Close up photograph of a beaver. Photo: Methow Beaver Project
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WHAT IT MEANS: For decades scientists have
understood and managed rivers through the
natural flow regime (sensu Poff et al. 1997). Flow
regulation, for example, impacts specific
parameters of stream hydrology that organisms
have adapted to. Management strategies, in
some cases, include trying to mimic certain
hydrologic parameters to match specific species
requirements. Climate change represents a
similar, yet broader, challenge. How will climate
change alter specific flow parameters and what
actions can be implemented to ameliorate the
impact for decades to come?

e Downscale climates to streams to identify
changing hydrologic parameters to match to
sensitive species traits with the goal of
identifying conservation concerns and
management actions.

e Managing the flow regime in regulated rivers
to explicitly include current and expected
climate impacts, not only to low flow but peak
events.

e Take a watershed approach to understanding
climate impacts to streamflow, including the
altered fire regimes, forest management, and
floodplain reconnection.

WHY IT WORKS: Riverine species are adapted to
changing environments within the historic range
of variability but are also increasingly being
stressed by multiple changing factors. By
identifying specific hydrology-species
relationships, scientists can identify management
targets and strategies to lessen climate impacts
at different life stages across taxa, be them at the
watershed, floodplain or reach scale.

FINDING THE SCIENCE:

Goode et al. 2013

e This study used climate data and
process-based models to explore how
predicted stream flow will impact scouring of
salmon redds to identify risk and prioritize
watersheds for management activities.

Tullos et al. 2021 and Dewey et al. 2022

e These articles highlight important
considerations for flow-related restoration in a
changing climate, including how to foster
dynamism and heterogeneity in river systems.

RESTORING THE TUCANNON RIVER

DESCRIPTION: The Tucannon River in southeastern
Washington supports multiple native coldwater fish,
including the ESA listed Spring Chinook. Emerging in 2011,
a consortium of agencies, tribes, and private landowners
joined together to restore the Tucannon River. The primary
focus was to restore rearing and spawning conditions and
supplement populations with hatchery releases for Spring
Chinook; restoration co-benefits have expanded to include
other fish, riparia, reduced fire risk and first foods. The
recovery plan included forest management plans and
floodplain/stream restoration actions over a large portion
of the river. Notable for its scale, the restoration floodplain
reconfiguration and addition of large, channel and
floodplain spanning wood jams are intended to create
complex habitat, cool waters through increased hyporheic
exchange, and slow water down to increase temporary
storage. Much of this work occurred between 2011-2020,
with initial positive results. Water temperatures have so far
decreased, despite increased ambient temperature, and
minimum flows have increased.

AT A GLANCE:

e Goals: Recovery of multiple fish species (spring run
Chinook, bull trout, and summer steelhead), with
primary focus on ESA listed spring Chinook (1990).

e Location: Tucannon River Basin, southeastern
Washington State

e Timeline: This project is ongoing since 2011

e Strategies: Multiple scales of management action from
watershed management, floodplain reconnection and
riverine restoration of instream habitat and riparian
vegetation.

e Project Links: https://tucannonriver.org/

Addition of channel spanning wood to increase hyporheic exchange
for cooler summer temperatures, decrease stream power, and
increased habitat heterogeneity (Photo: AK Fremier Sept 2014)
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Moderate Impacts to Temperature Regime

WHAT IT MEANS: Changing climate can alter
water temperature patterns through time with
varying effects on aquatic organisms.
Management actions can help reduce organisms’
exposure to extreme temperatures, enabling
them to survive and maintain their resilience.
Ways to accomplish this strategy include:

e Restore woody riparian vegetation to provide
shade that limits warming in adjacent aquatic
habitats.

e Pursue beaver-related restoration techniques
(natural or artificial) to raise the water table
and indirectly moderate instream
temperatures.

e Manage dam release that can release cold
water to create refuges or remove thermal
barriers downstream.

WHY IT WORKS: Keeping water temperatures
below critical thresholds at key life stages can
reduce mortality or stress for coldwater species.
Riparian shading can limit warming in small
streams or other small waterbodies. Waters
temporarily stored behind dams in cold
headwater streams or in groundwater can
ameliorate warming downstream where they
return to the channel.

FINDING THE SCIENCE:

Noa-Yarasca et al. 2023

e This study quantified and evaluated riparian
shade performance, showing potential for
watershed-scale estimation of riparian cooling
effects.

Fuller et al. 2024

e This study the examined relationships between
drivers of stream temperature and other
variables to inform restoration actions.

Dittbrenner et al. 2022

e This study demonstrated that relocated
beavers that build dams can indirectly increase
temporary water storage and thus help to
moderate downstream water temperatures.

Armstrong et al. 2021

e This article emphasizes the importance of
warm water (for productivity, for example) at
some life stages, even for species that are
thought of as being coldwater dependent.

COLUMBIA COLD WATER REFUGES

DESCRIPTION: The EPA worked with Oregon, Washington,
tribes, NOAA Fisheries, and a variety of other groups to
identify, describe, and recommend protections for 23
coldwater refuges where cooler tributaries flow into the
Lower Columbia River. Salmon that migrate upstream
during the warmest conditions (summer-fall) are
increasingly using these refuges as temperature increases.
There is evidence that the fish benefit by reducing their
exposure to high temperatures, suggesting that their use
of coldwater refuges is an adaptation to changing climate.
The EPA study found that ~80% of steelhead and ~30% of
fall Chinook move into the refuges when the temperature
exceeds 21°C. Sockeye salmon do not appear to use these
refuges, but instead migrate upstream earlier. To comply
with the Endangered Species Act and Oregon'’s clean water
standards, EPA recommended specific restoration actions
and highlighted key refuges to either maintain or enhance
by expanding refuge volume or restoring additional
tributaries.

AT A GLANCE:

e Goals: facilitate coordinated aquatic habitat
enhancement and protection

e Location: lower 325 miles of the Columbia River

e Timeline: report released in 2021; coordinated
implementation is ongoing

e Strategies: provide coldwater refuges for aquatic
species to shelter from warming

e Project Links:
https://www.epa.gov/columbiariver/columbia-river-co
|d-water-refuges-plan
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The Columbia Cold Water Refuges Program is a report with
recommendations for refuges along the lower Columbia River (EPA).



https://www.epa.gov/columbiariver/columbia-river-cold-water-refuges-plan
https://www.epa.gov/columbiariver/columbia-river-cold-water-refuges-plan

CLIMATE ADAPTATION:

Aquatic Ecosystems

WHAT IT MEANS: Adaptive capacity is the ability
of a species to cope (persisting in situ) or to
respond (range shifting) to a given environmental
change (including climate change) (Dawson et al.
2011). Biologists typically discuss adaptive
capacity in relation to a species’ or population’s
life-history traits, genetic diversity, and
phenotypic plasticity (Nicotra et al. 2015).

WHY IT WORKS: Analyses that focus on adaptive
capacity can identify vulnerability among taxa and
help design specific management actions to help
taxa persist through environmental change
(Timpane-Padgham et al. 2017). Taxa naturally
vary in their capacity to adapt to changing water
temperatures or water availability. Salmon, for
example are highly adaptable in that they move
into new rivers when conditions change.
Removing any physical barriers can help leverage
salmon'’s adaptive capacity, ideally increasing their
likelihood of survival.

FINDING THE SCIENCE:

Crozier et al. 2019

e This paper describes a vulnerability analysis of
Pacific salmon and steelhead to identify
vulnerable populations and suggests plans to
address anthropogenic factors limiting their
adaptive capacity, such as migration barriers,
habitat degradation, and hatchery influences.

Knapp et al. 2016

e This article documents regional increases in
hundreds of populations of yellow-legged frog,
which were likely due to the cessation of fish
stocking and increased resistance to disease.
Management actions to reduce existing
anthropogenic stressors to increase population
size can be viewed as improving a taxa’s
adaptive capacity to climate change.

Austin et al. 2021

e This article modeled the timing of fall spawning
from Chinook salmon redd counts. They
compared the spawning time among fish
populations in 6 rivers. Generally, spawning
dates were later in warmer rivers in the past
several decades. However, hatchery-origin
Chinook salmon did not show the same shift in
spawning timing, suggesting their adaptive
capacity may differ from that of wild salmon.
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MORE ADAPTATION RESOURCES:

@ FLOODPLAINS BY DESIGN

Floodplains by Design (FbD) is a public-private
partnership led by the Washington Department of
Ecology. FbD aims to protect local communities and
support a healthy environment by coordinating and
funding integrated projects that reduce flood risks
and restore habitat, with communities.

Resource Link: Floodplains by Design

@ BEAVER DAM ANALOG CASE STUDY PUBLICATION

Researchers recently completed a case study in the
Bridge Creek watershed of the John Day basin in
eastern Oregon. Beaver dam analogues have been
installed on both public and private rangelands to
improve fish and wildlife habitat in the watershed.
This case study focuses mainly on the human
dimensions of beaver-related restoration, including
the complex policies involved and ranchers’ concerns
about potential negative impacts.

Resource Link: Using beaver dam analogues for fish and
wildlife recovery on public and private rangelands in eastern
Oregon | US Forest Service Research and Development

@ PUBLICATION ON TYPES OF THERMAL REFUGES

This article organizes current scientific understanding
to provide practical definitions that can help support
the recognition and management of thermal refuges
and refugia across riverscapes.

Resource Link: An ecohydrological typology for thermal
refuges in streams and rivers

@ TREELINE: CLIMATE RESILIENCE & ADAPTATION

Treeline is an emerging network organized by the
Bonneville Environmental Foundation to share
knowledge and lessons across the Northwest. This
community includes restoration practitioners,
nursery partners, and researchers working for
various groups involved in conservation in the region,
including tribes, governmental and nongovernmental
organizations.

Resource Link; Treeline: Climate Resilience & Adaptation - BEF
| Sustainability Products and Services
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COASTAL AND MARINE ECOSYSTEM DESCRIPTION

The Pacific Northwest (PNW) coast has a marine-influenced climate characterized by
minimal temperature extremes, mild winters and relatively cool summers compared to
inland regions in the U.S. West. The region receives abundant precipitation during the
extended winter rainy season (November to April). In the southern part of the region,
dense fog is prevalent, especially during the summer dry season.

Coastal ecosystems are diverse, encompassing coastal lowlands, coastal uplands, inland
coastal systems, and the transition habitat between them. The coastal lowlands include
sand dunes, expansive stretches of beach, rocky intertidal zones, and marine terraces
below 400 feet (122 m) elevation. Much of the area has been residentially or commercially
developed, including recreational developments. Inland coastal systems include the Salish
Sea, Puget Sound, and Strait of Juan de Fuca. Tannic streams, marshes, and estuaries are
important water features of coastal lowlands and inland coastal systems, with most
watercourses flowing directly to the Pacific Ocean. Coastal uplands contain headlands,
marine high terraces, and low mountains surrounding the coastal lowlands.

Estuaries are vital habitats, serving as breeding and nursery grounds for economically and
culturally important fish such as salmon, sturgeon, and herring. The unique transition from
shoreline to forest habitat in a relatively short distance is a distinctive feature of the PNW
coast and provides habitat for endemic plant communities and wildlife. People in the PNW
are heavily reliant on the ecosystem services coasts provide, including cultural resources,
recreation, economic and industry opportunities, food, and protection from natural
disasters (e.g., natural storm and flood buffers).

Climate change will continue to alter both atmospheric and oceanic conditions, and the
compounded effects will substantially affect PNW coastal ecosystems. Direct effects include
increases in air and sea surface temperature (SST). Generally, the PNW coast is projected to
warm in all seasons, with the greatest temperature increases in summer (see Climate
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Section). Oceans have warmed, absorbing more than 90% of the excess heat produced by
rising greenhouse gases, and will continue to warm through the 21st century (IPCC 2019).

:{-A:‘ - -: _ ~ i~ . % = -
Pacific City, Oregon from Cape Kiwanda. (Left) 1930 image of coast pre-development. Wide beach with
sand continuing landward, minimal vegetation. (Right) 2012 image of the same area showing coastal
development, vegetation, and dune growth. Figure courtesy of S.D. Hacker, OSU

INTERACTION OF CLIMATE CHANGE AND ECOSYSTEM
STRESSORS

This section provides an overview of the effects of climate change on coastal ecosystems in
the PNW. Climate change will affect coastal ecosystems through increasing temperatures,
changes in the frequency and intensity of extreme events, including marine heatwaves and
coastal storms. Changes are also expected for long-term, continuous processes such as
non-native species invasions, sea level change, and geomorphic processes.

INCREASING AIR AND SEA SURFACE TEMPERATURE

Higher air and sea surface temperatures (SSTs) are expected to affect the abundance
and distribution of marine species with cool-water species generally expected to
decrease and warm-water species to increase in abundance.

e Higher air temperatures are expected to substantially affect coastal vegetation
through increasing evaporative demand and soil moisture depletion, leading to
vegetation stress and die-off (Bramwell and Caujapé Castells 2011).

e Higher SSTs are expected to shift the type and quality of prey available for forage
fish in the PNW, specifically northern anchovy (Engraulis mordax), Pacific sardine
(Sardinops sagax), jack mackerel (Trachurus symmetricus), Pacific herring (Clupea
pallasii), surf smelt (Hypomesus pretiosus), and whitebait smelt (Allosmerus elongatus)
(Brodeur et al. 2019).

e Changes in the condition and distribution of forage fish, an important link between
primary and secondary producers and the upper trophic levels of the marine food
web (Pitkitch et al. 2012), will have consequences for ecosystems, such as reduced
prey availability for large fish, seabirds, and marine mammals. Given high diversity
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across predatory guilds, changes in forage fish distribution are expected to have
variable effects (Thompson et al. 2019).

e Survival rates for Dungeness crab (Cancer magister), razor clams (Siliqua patula), and
red urchins (Mesocentrotus francisanus) are projected to decline by 2100 for a high
(RCP 8.5) scenario, compared to historical (1971-2000) conditions (Sunday et al.
2022).

e Due toincreasing SSTs and decreasing dissolved oxygen, Alaska pink shrimp
(Pandalus eous) and anchovy are expected to lose aerobically suitable habitat along
the southern portion of their range in the California Current System by the end of
the century for a high (RCP 8.5) scenario (Sunday et al. 2022), potentially resulting in
northward range shifts.

e Higher temperatures are expected to alter Chinook salmon (Oncorhynchus
tshawytscha) survival rates in the PNW (Kilduff et al. 2015) and change the
distribution and timing of Pacific mackerel (Scomber japonicus) and hake (Merluccius
spp.; Peterson and Schwing 2003).

o Poleward range shifts are expected for salmon, sardine, and other marine fish
species in response to warming (Cheung et al. 2015, Morley et al. 2018, Fiechter et
al. 2021).

e Throughout the California Current System, seabirds typically associated with colder
temperatures are expected to decrease in abundance (Becker et al. 2007, Wolf et al.

2009).
Metaocean and C Human Activity
Geological Processes B Ecosystem Pr Pr
Chimate pr » Dune veg '+ Coastal development
Sand + Marine <~ Recreation
‘ / nutrients Beach nourishment
Sea level » ‘ | Habitat restoration
\ 7 / Dune grading
Sedimentary R Dune Shoreline armoring
Wind processes, incl. morphology
shoreline/beach / D Ecosystem Services _
/ / Wave attenuation __L,,| Coastal protection
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- Raw materials, incl. sand,
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Relationships between physical processes, ecosystem processes, and human activities important to the
ecosystem services provided by coastal dunes. Figure courtesy of S.D. Hacker, modified from Ruggerio et
al., (2018).
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MARINE HEATWAVES
Marine heatwaves (MHWSs) have become more frequent, intense, and longer in
duration over the past century (1925-2016) (Oliver et al. 2018), and MHW:s are
expected to increase at an increasing rate with continued warming (DiLorenzo &
Mantua 2016, Frolicher et al. 2018, Oliver et al. 2019).
e From 1925 to 2016, global average MHW frequency increased by 34% and duration
increased by 17% (Oliver et al. 2018).
e By 2100, under a high (RCP 8.5) scenario, MHWSs are expected to be 10 times more
intense and occur 50 times more frequently globally than they did historically
(1850-1900) (IPCC 2019).

Coastal habitats are especially vulnerable to MHWSs, which can have significant direct
and indirect effects throughout coastal systems.

e Extreme elevated and prolonged SSTs from MHWSs can prompt shifts in weather
patterns, altering wind, humidity, and precipitation, and further increasing air
temperature (lbrahim et al. 2021).

e The effects of MHWSs are mixed among species (Brodeur et al. 2019). MHWs trigger a
bottom-up effect through the food web by directly affecting the abundance and
community composition of primary producers such as phytoplankton (Wyatt 2022).
Changes in primary production severely affect intermediate trophic levels containing
macrozooplankton and micronekton (i.e, large crustaceans and small fish and
squid). Changes in prey availability influence the foraging, survival, and reproduction
of higher trophic levels, such as marine mammals and seabirds (Piatt 2020).

e Eelgrass beds (Zostera marina) and marine ecosystems within estuaries show signs
of temperature stress during MHWSs, particularly narrower, shallower estuaries that
normally have higher water temperatures. These eelgrass beds can have significant
eelgrass declines during MHWSs (Magel et al. 2022).

e The prevalence of Eelgrass Wasting Disease (EWD) is strongly positively correlated
with increases in SST during MHWSs, which reduces the resilience of eelgrass species
(Groner et al. 2021).

e In the southern portion of the Coast ecoregion, deeper and colder estuaries may act
as sanctuaries for eelgrass, but macroalgae may not find refuge in these conditions
(Magel et al. 2022).

Marine heatwaves will have varied effects on the survival, abundance, and
distribution of different marine organisms.

e Anincrease in the frequency of MHWs is expected to cause marine organisms to
exceed their physiological tolerances, causing range shifts or mortality (Frolicher et
al. 2018); however, individual species and system-specific responses to MHWs will
be variable.
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e Inthe PNW, MHWs have resulted in widespread mortality of seabirds, including the
common murre (Uria aalge) (Piatt et al. 2020) and Cassin’s auklets (Ptychoramphus
aleuticus) (Jones et al. 2017).

e A MHW event lasting two to three years can decrease plankton densities (Brodeur et
al. 2019) and cause changes in spawning timing and poleward migration of fish
populations (Auth et al. 2018). Specifically, Pacific sardine (Sardinops sagax) and
Pacific hake (Merluccius productus) exhibited an unprecedented northward spawning
expansion, and increased, continuous spawning duration throughout the 2014-2016
MHW. and increased, continuous spawning duration throughout the 2014-2016
MHW.

e MHWSs can negatively affect marine mammals, such as mass strandings of whales,
anomalous mortality of pinnipeds (Cavole et al. 2016), and whale entanglements
associated with habitat loss (Santora et al. 2020).

e MHWs increase harmful algal blooms, consequently increasing toxicity to marine
mammals, as well as people who consume shellfish (Leising et al. 2015, McCabe et
al. 2016, Trainer 2020).

EL NINO SOUTHERN OSCILLATION (ENSO)

ENSO patterns have direct effects on climate and ecosystems (Box 1), but the effects
of climate change on future frequency and intensity of ENSO cycles remain uncertain
and is an active area of research (Collins et al. 2010).

e Some studies estimate an increase in the frequency of extreme ENSO events (Cai et
al. 2015), with one study projecting a doubling of extreme El Nifio events (Cai et al
2014). However, another study projects ENSO strength will weaken with global
warming (Callahan et al. 2021).

e Itis uncertain whether the variability in ENSO since 2000 is due to human-caused
factors or natural variability, making it more difficult to project future ENSO
conditions (Beobide-Arsuaga et al. 2021).

e Specific response to changes in ENSO will continue to vary regionally along the PNW
coast depending on where sea-surface temperature anomalies occur.

e Current research aims to strengthen the projection capabilities of future ENSO
patterns and its impacts (Tang 2018, Zhou and Zhang 2022).



CLIMATE EFFECTS: COAST AND MARINE ECOSYSTEMS OVERVIEW

BOX 1: EL NINO SOUTHERN OSCILLATION AND EFFECTS ON ECOSYSTEMS

Within the California Current System, El Nifio is associated with reduced upwelling, sea level rise, and
anomalously warm temperatures (Lehodey et al. 2020). The PNW experiences extreme changes in SSTs, sea
level pressure, and atmospheric forcing (Banard 2017). During El Nifio events, the PNW often experiences
milder winters, with reduced precipitation and snowpack, which can lead to cascading effects for drought
and water supply.

El Nifio often affects coastal habitats and wildlife, with consequences for the people who depend on these
resources. Reduced precipitation during El Nifio reduces water available for habitat, wildlife, and humans
(Banard 2017). SSTs and climate anomalies during El Nifio are associated with higher likelihood of coastal
flooding and erosion along the PNW coast (Olmeta Schult et al. 2023). Dramatic changes in the distribution
and range expansion of many fish and invertebrate species have been documented during El Nifio, including
reduced forage fish (Lehodey 2020). Intense El Nifio events are strongly linked to decreases in coho and
Chinook salmon (Oncorhynchus kisutch and O. tshawytscha) abundance in California and Oregon (Lehodey et
al. 2020).

IMPACTS OF BIOTIC STRESSORS - INVASIVE SPECIES

Throughout the PNW, vegetation plays a key role in dune structure and function, directly
affecting the exposure of human populations to storm-wave overtopping and sea level rise
(Seabloom 2013, Ruggiero 2018). Many dunes in the PNW have undergone significant
changes in structure due to the introduction of two non-native beachgrasses; European
beachgrass (Ammophilia arenaria), and American beachgrass (A. breviligulata) (Hacker et al.
2012). The recent emergence of a genetic hybrid beachgrass resulting from the invasive
American and European beachgrasses poses concern (Mostow et al. 2021) for dune
ecosystems. Over 300 patches of the hybrid have been discovered since 2019 between
North Beach, Washington, and Pacific City, Oregon (Askerooth 2023).

Interaction of climate change and invasive beachgrasses will have varied effects on
coastal dunes.

e Climate change can influence the structure of dunes through changes in
precipitation and storm conditions that are linked to dune vegetation growth and
sediment deposition (Ruggiero 2018).

e Increasing temperatures are expected to change the range of invasive beachgrass.
Modeling indicates that American beachgrass will have lower biomass with warming,
and that warming is expected to restrict the southern limit of its range. European
beachgrass has a neutral or positive response to warming and sand burial, and this
physiological tolerance suggests the distribution of European beachgrass could
expand with warming (Biel and Hacker 2021).

Warming ocean temperatures and El Nifio events may increase the persistence and
expand the range of the invasive European green crab in coastal estuaries and
marshes of the PNW.
e Populations of the European green crab (Carcinus maenas), one of the most
damaging invasive species globally, have established in coastal estuaries, salt
marshes, and mudflats since first observed in the PNW in 1989 (Behrens Yamada
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2021). Invasions pose threats to marine food web processes, as green crabs prey on
clams, mussels, scallops and oysters, and displace native species.

e The range of the European green crab is expanding in the PNW, with the first
occurrences of the crab in the Strait of Juan de Fuca, San Juan Islands, and Padilla
Bay, Washington from 2012-2016 (Grason et al. 2018), and Salt Spring Island and
Boundary Bay, British Columbia since 2018 (Behrens Yamada 2021, Ens et al. 2022).

e Range expansion of European green crab is expected to continue throughout the
Salish Sea, including within marine protected areas, with few northward barriers
(Brasseale et al. 2019, lacarella 2020).

e European green crab recruitment is positively correlated with warm ocean
indicators (Behrens Yamada et al. 2021), specifically warm winters (>10°C), strong
northward coastal water flow during winter, and coastal circulation patterns that
keep larvae close to shore.

e Large range expansions and high crab abundance have been linked to strong El
Nifio events in the PNW (Behrens Yamada et al. 2021).

SEA LEVEL CHANGE

Sea level is rising globally and along much of the PNW coastline, which will have
multiple impacts on coastal ecosystems.

e Global mean sea level rise (SLR) has accelerated due to thermal expansion from
warming oceans and increased glacial melt. Global mean SLR nearly tripled from a
historical (1901-1990) average rate of 0.05 + 0.01 inches per year (1.2 £ 0.2 mm per
year) to an average rate of 0.13 + 0.02 inches per year (3.4 £ 0.4 mm per year) during
the 30-year satellite era (1993-2022) (Beckley et al. 2021).

e Global SLR is projected to accelerate through the 21st century (Sweet et al. 2017,
Dangendorf et al. 2019). SLR at specific locations differs from global SLR due to
differences in local terrain factors, such as varying tectonic subsidence or uplift,
ocean currents, and variations in land height.

e Relative SLR, the change in sea surface height relative to the adjacent land surface,
for the PNW coast is rising on average, but less than the average for the US
coastline. For 2020 to 2050, the projected range for SLR is 4 inches (102 mm, low
scenario) to 12 inches (305 mm, high scenario) relative to the baseline sea level of
2000 (Sweet et al. 2022). Projections of SLR through 2150 show increases at an
accelerating rate.

e For the Washington coast specifically, the likely range (83-17% probability) of SLR
projections by 2100 is 1.0 - 2.2 ft (0.30 - 0.67 m) for a low (RCP 4.5) scenario and 1.4 -
2.8 ft (0.43 - 0.85 m) for a high (RCP 8.5) scenario (Miller et al. 2018). Locally, relative
SLR will vary due to variations in land subsidence and uplift along the Washington
coast.
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SLR is expected to exacerbate storm surges and flooding, as higher total water levels
contribute to flooding further inland during surge events and coastal storms (Miller
et al. 2019, Sweet et al. 2022).

e Extreme wave height has increased an average of 0.93 inches (23.5 mm) per year
from 1985-2007 on the U.S. West Coast (Menéndez et al. 2008).

e Storm surges and king tides that reach further inland (Miller et al. 2019) are
expected to cause loss of coastal habitats, which offer coastal flood protection for
coastal communities (Reeder et al. 2013).

e The interaction of storm surges and river discharge can have variable effects on
coastal flooding (Bilskie and Hagen 2018), so the extent and magnitude of coastal
flooding will be underpredicted if both oceanic and riverine conditions are not
accounted for (Serafin et al. 2019).

e Elevated water levels are expected to increase beach erosion and loss of shoreline
habitats (Toimil et al. 2019).

SLR is expected to substantially threaten the existence and sustainability of tidal
wetlands, marshes, and estuaries in the 21st century.

e The extent of tidal wetlands is expected to change through the century, with
increases or decreases locally depending on sedimentation, the rate of SLR, wetland
type, and surrounding landward buffers (Schuerch et al. 2018).

e SLRis expected to shrink areas of suitable elevation for tidal wetlands, mashes, and
mudflats (Moritsch et al. 2022) and increase the risk of complete submergence of
these critical habitats (Thorne et al. 2012, Brophy et al. 2019, Myers et al. 2019).

e One study indicates a complete loss of current tidal wetlands under high SLR
scenarios (+55.9 - 65.4 inches; +142-166 cm) in Oregon and California and a 68%
loss of tidal wetlands in Washington by 2110 (Thorne et al. 2018). Tidal freshwater
marsh area in California, Washington, and Oregon is projected to decrease between
0% and 29% by 2110 relative to 1980-1999 (Thorne et al. 2018).

e Wetland retreat or inland migration is often not possible in the PNW coast, as
migration is typically constrained by urban development, steep topography, diked
pasturelands, and agricultural lands (Parker and Boyer 2019, Osland et al. 2022), a
phenomenon known as “coastal squeeze” (Krosby et al. 2023).

In estuaries of the PNW coast, the rate of SLR compared to the rate of elevation
change due to sediment accretion and deposition is important in determining
estuarine habitat resilience.
e Tidal marshes and estuaries are more resilient to SLR with sufficient sediment
delivery such that sediment accretion rates match or exceed SLR rates (Davis et al.
2022). Rates of vertical accretion that are slower than rates of SLR, can result in soil
destabilization and vegetation loss in tidal wetlands (Herbert et al. 2021).
e Marshes at higher initial elevations, with high sediment supply, and with
flood-tolerant plant species are expected to have lower near-term vulnerability to
submergence (Thorne et al. 2018).
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e Throughout the Puget Sound, numerous estuaries are projected to match or
surpass expected rates of relative SLR by 2100, suggesting that estuarine ecosystem
resilience to SLR is contingent on consistent sediment delivery (Davis et al. 2022).

The loss of estuarine habitats due to SLR threatens the survival of fish and wildlife
species.

e Tidal wetlands, marshes, and estuaries in the PNW are important habitat for
salmon, forage fish, invertebrates, birds, and culturally significant shellfish beds
(Swinomish Tribal Community 2009).

e Many fish species, including juvenile salmon (Oncorhynchus spp.), rely on estuaries,
salt marshes, and eelgrass meadows as nursery grounds for enhanced prey
availability, abiotic and biotic protection from predators, and seasonal nutrient
pulses (Davis et al. 2022). For example, in the Skagit River delta, Chinook salmon,
Pacific herring, surf smelt, and shiner perch (Cymatogaster aggregata) are more
abundant in eelgrass habitat than unvegetated areas, highlighting the importance of
delta eelgrass habitat (Rubin et al. 2018).

e The combination of higher ocean temperatures and SLR is expected to decrease the
quality of estuary habitats for out-migrating salmon and other sensitive fish species
(Davis et al. 2022).

e SLRis expected to prevent inland beach migration, causing a significant loss of
forage fish spawning habitat. According to one study, by 2100, most spawning
habitat in the intertidal zone of Puget Sound will be lost for two ecologically
important species, surf smelt and Pacific sand lance (Ammodytes hexapterus),
assuming SLR of 5.1 - 27.3 inches (12.95 - 69.34 cm) (Krueger et al. 2010).

e Low elevation emergent marsh, high-elevation marsh, and eelgrass habitats provide
abundant prey and favorable growth conditions (Kennedy et al. 2018), but these
habitats become less suitable during the summer when ocean temperatures are
warmer (Davis et al. 2022).

e Implementing target management strategies that restore, maintain, and improve
emergent marsh habitats, and improve habitat connectivity throughout the tidal
cycle, can support the growth and survival of important fish species.

e Management actions that enhance foraging capacity and the availability of thermal
refugia can help sustain fish populations in the face of climate change.

GEOMORPHIC PROCESSES & COASTAL EROSION

Coastal habitat, such as dunes, salt marshes, shellfish beds, and forage fish spawning areas
can become eroded by high waves, SLR, and changes in wind direction and power. In the
PNW, generally waves and wind exhibit seasonal cyclical patterns, coming from the
northwest in the summer and from the southwest in the winter. This causes beaches and
dunes to undergo a seasonal pattern of eroding in the winter and rebuilding in the
summer, resulting in a nearly balanced sediment budget. These typical patterns of
sediment dynamics in coastal habitats are expected to be affected by climate change. In



CLIMATE EFFECTS: COAST AND MARINE ECOSYSTEMS OVERVIEW

addition to habitat benefits, these coastal habitats help protect people and infrastructure
from climate-related stressors such as coastal erosion and flooding.

Climate change will increase coastal erosion through rising seas. Changes in wave
height and direction may also affect coastal erosion, but trends and future
projections of waves on the PNW coast remain uncertain.

e Along the Oregon coast, the rate of shoreline erosion has increased in recent
decades (2002-2016) relative to historical trends (1967-2002) (Light 2021).

e Wave conditions, short-term wave-driven processes, and swell dominate coastal
erosion (Shope et al. 2022, Allan et al. 2006).

e Accelerating SLR is causing chronic coastal erosion directly by landward coastline
displacement (Toimil et al. 2020).

e Global wave power has increased approximately 0.4% per year since 1948 due to
ocean warming (Reguero et al. 2019). Global studies indicate that climate change is
expected to change mean and extreme wave conditions in the future (Toimil et al.
2020).

o ElNifio events are associated with 30% larger wave energy (Barnard et al. 2017,
Reguero et al. 2019) and 8 - 12 inches (20 - 30 cm) of elevated sea level anomalies
(Barnard et al. 2017), when compared to a normal winter on the West coast. Thus,
major El Nifio events are associated with significant coastal erosion (Allan and
Komar 2006, Barnard et al. 2017).

e Recent analyses and measurements of wave heights on the PNW coast suggest that
they have been increasing (Ruggiero et al., 2013), but other studies show that these
trends may be related to climatic variability (Seymour 2011) or methodology
(Gemmrich 2011), so future trends remain uncertain.

AREAS FOR FUTURE RESEARCH

Shoreline erosion monitoring, data, and tools: There is a need for long-term shoreline
change monitoring, shoreline-change data in open-source repositories, more frequent
airborne LIDAR surveys, and modeling tools to project shoreline erosion from multiple
combined stressors.

Sediment movement in estuaries: Further research on regional sediment sinks, sources,
and transport pathways in estuaries is needed to inform management decisions (Olmeta
Schult et al. 2023).

Flood-tolerant plants in estuaries: There is a need to evaluate the tolerance of plant
species in estuaries to flooding. Information is limited on the productivity of coastal plants
under different CO2 and temperature scenarios (Parker and Boyer 2019).

Flood risk in wetlands: Research is needed on flood risk reduction provided by natural
features and wetland restoration to support planning and management (Janousek et al.
2019). Wetland responses to SLR will vary regionally, so tools are needed that can project
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individual outcomes for different sites to estimate the effects of future impacts and
restoration planning (Thorne et al. 2018).

Long term-effects of restoration: The long-term effects of revegetation and habitat
restoration in dunes, tidal wetlands, salt marshes, and estuarine habitats for reducing SLR
impacts are not well understood (Gregg et al. 2018).

Future ENSO projections: Consistent projections of how climate change will affect ENSO
dynamics in the coming decades remain a key knowledge gap.

More species-specific and region-specific data collection: Assessment is needed on how
different plant and wildlife species will respond to MHWSs and SLR. Specifically, knowledge
gaps exist in determining how vulnerable marine organisms with reduced mobility will
respond to MHWSs. Knowledge is also limited on the effects of higher temperatures and
salinity on specific plant species (Parker and Boyer 2019).

Interdisciplinary research: Throughout the scientific literature, a common theme is the
need for interdisciplinary research to assess the complex ways oceanic and climate
processes affect coastal ecosystem structure, function, and the communities that rely on
them. Collaboration across scales, institutions, cultures, and disciplines substantially
improves planning for coastal resilience.



Coast Range

Coast and Marine Ecosystems

Regional Description

The complex Coast ecoregion stretches along the
western edge of northern California, Washington,
Oregon, and British Columbia and encompasses a
diverse range of ecosystems.

Coastal lowlands are characterized by expansive
stretches of beach, coastal dunes, estuaries, and
marshes. Coastal uplands contain headlands, high
marine terraces, and highly productive coniferous
forests. The unique transition from shoreline to
forest provides habitat for many local plant species
and wildlife.

Pacific Northwest Observed
and Projected Sea Level Rise
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Figure adapted from Sweet et al. 2022, Figure 2.3

Sea level along the Pacific Northwest coastline
has risen 2 to 4 inches on average between 1920
and 2020 (Sweet et al. 2022). With continued
warming, sea level is projected to rise by 6 in
(0.15 m) for an intermediate-low scenario and 10
in (0.25 m) for intermediate-high scenario
between 2020 and 2050, relative to the baseline
sea level of 2000 (Sweet et al. 2022). This is less
than the average for the conterminous US.

Dense vegetation is present on the coast of Oregon at Ecola State Park.
Photo Credit: Emily Fusco

Management Considerations

e Humans are interconnected with Pacific
Northwest coastal and marine ecosystems,
relying on them for economic opportunities,
cultural practices, food, and recreation.

e Much of the Coast ecoregion shoreline is
developed for residential and commercial uses.

e Coastal dune and beaches support myriad
ecosystem process and provide multiple, often
competing, ecosystems services to humans such
as recreation, aesthetics, and flood protection.

e Ocean forcings, primarily the El Nifio Southern
Oscillation and the Pacific Decadal Oscillation, will
continue to drive interannual variability in sea
level along the Pacific Coast and influence
ecosystem processes.

e The extent to which the El Nifilo Southern
Oscillation and the Pacific Decadal Oscillation will
be affected by human-caused climate change
continues to be an active area of research
without clear evidence of trends.

e Non-native plant species, such as invasive
beachgrasses, are also affecting coastal dune
habitats. The effects of climate change on the
productivity and distribution of invasive
beachgrass is an active area of research.
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Marine Heatwaves
Description

m+ E—
Marine heatwaves (MHW) °
have become more frequent, e
intense, and longer in
duration since 1925 (Oliver et
al. 2018), and MHW are
expected to increase at an
increasing rate with future
warming (Frolicher et al. 2018,
Oliver et al. 2019). MHWSs can
cause mass mortality of
marine species with cascading
effects on ocean and coastal
ecosystem processes.

Sea Level Rise
Description

Sea level rise (SLR) will vary .
along the coastline with
differences in vertical land
movement. Areas with SLR will
experience more frequentand e
deeper coastal floods, with

floods extending further inland.
Saltwater intrusion into
freshwater and brackish

marshes will increase.

Coastal Erosion
Description

With higher sea levels, wave °
action increases the likelihood
and extent of coastal erosion, e
even without changes in wave o
energy which are uncertain
(Miller et al. 2019, Sweet et al.
2022). Heavier rainfall and
riverine flooding also will
contribute to coastal erosion

that can reduce habitat area

and natural flood protection.

Managing Ecosystem Stressors

Strategy Habitats

Northeast Pacific Ocean
Rocky intertidal zone

e These habitats in the Coast
ecoregion support species
from the foundation of the
food web, such as

phytoplankton, to fish, to
higher trophic level marine
mammals.

Strategy Habitats

Coastal estuaries-
important for salmon,
benthic invertebrates,
birds, shellfish, and plants
Coastal wetlands-
important for fish,
amphibians, breeding and
stopover grounds for

waterfowl

Strategy Habitats

Coastal dunes, beaches,
and bluffs

Salt marshes

Critical habitat for
endangered western snowy
plover

Management Actions

e Reducing other
human-caused stressors,
such as pollution and
overfishing, can increase
the resilience of marine
species and habitats to the
effects of MHWs.

e Prioritizing critical habitats
by establishing marine
protected areas can protect
habitat for species that are
especially vulnerable to
MHWs.

Management Actions

e Land acquisitions for
coastal habitat protection
and restoration will be
more resilient if projects
consider future inundation.

e Consider managed retreats
to allow for wetland or
estuary migration inland
where feasible and where
barriers can be removed.

Management Actions

e Dune reconstruction and
revegetation can reduce the
impacts of storms,
minimizing erosion and
flooding (Fernandez-
Montblanc et al. 2020).

e Dune restoration may be
more feasible in remote
areas where there is less
emphasis on protecting
coastal communities.
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Regional Description Relative Sea Level Rise
Coastal inland systems in the Puget Lowlands T
ecoregion are characterized by interconnected 50 cenaro, Hierneo

networks of wetlands, waterways, and riparian M High (RCP8.5), 17%
areas. Major coastal inland systems include the M High (RCP8.5), 50%
Salish Sea and Strait of Juan de Fuca, which feature Ml High (RCP8.5), 83%
dynamic bays, saltwater estuaries, marshes, and Ml Low (RCP4.5), 17%
numerous peninsulas and islands. Influenced by B Low (RCP 4.5), 50%
the nearby Pacific Ocean and the Olympic and B Low (RCP4.5). 83%
Cascade Mountains, these areas experience mild

temperatures and abundant annual precipitation.
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Management Considerations

e The Puget Lowlands has a history of high
economic productivity, supporting industries
such as fishing, shellfish, tourism, and shipping.

Projected relative sea level change (ft)

1.0

e Cultural significance for Indigenous communities 0.0
is high, further underscoring the importance of 2020 2040 2060 2080 2100 2120 2140
the ecosystems for human livelihood.
; Figure generated with the Interactive Sea Level Rise Data
° E§:2||?§r2§ r;tS?lL(;?I%] ghsai?t%it l‘i?evglt?:gcjg;rifg:??o Visualization (Lavin et al. 2019). SLR data (Miller et al. 2018).
inland migration of habitat as sea level rises. For this example location on Puget Sound, the

likely range (17% - 83%) of relative sea level rise is

agriculture has changed ecosystem processes about 1.5ft to 3ft (high_ scenario) compared to th.e
fracting the inbut of saline and fresh water 1991-2009 average (Miller et al. 2018). Sea level is

artecting 'npu ! ' expected to rise along the Puget Lowlands coast as

e Sediment supply and transport to estuarine sea surface height increases and land subsides.
habitat has also been heavily modified.

e Human modification for flood protection and

Estuarine Habitats

e Estuarine habitats are diverse and plant associations
change quickly with small changes in elevation from
just below to just above sea level.

e Estuarine habitats that are sensitive to changes in sea
level rise and other climate-related stressors are
eelgrass beds, mud flats, tidal marshes (freshwater,
saltwater, and brackish), and tidal forests.

e Estuarine habitats are important for fish, shellfish,
amphibians, and function as breeding and stopover
grounds for waterfowl. For example, in the Skagit ==
River delta, Chinook salmon, Pacific herring, Shiner  Eelgrass can be seen in this aerial view of the Padilla Bay, at the end

perch, and surf smelt utilize ee|grass meadows. of the Skagit River Delta. Photo Credit: WA State Dept. of Ecology,
Ecology Shoreline Photos. CC BY-NC 2.0
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Managing Ecosystem Stressors

- Sea Level Rise

Description

Sea surface height in the Puget Sound and
the Strait of Juan de Fuca is projected to
increase. Land along the Strait of Juan de
Fuca is uplifting, whereas much of the
Puget Sound coastline is subsiding,
contributing to sea level rise relative to
land. Higher seas increase coastal flooding
frequency and extend floodwaters further
inland. This will modify coastal habitats
with cascading effects for wildlife species.
Estuarine habitat will contract in some
places but could expand where inland
migration is not constrained by built or
natural barriers.

Description

Rising seas and changing streamflows will
disrupt the salt to fresh water balance in
estuarine habitat. The salinity of groundwater
and pore water will increase as denser salt

water pushes further into freshwater habitats.

Changes in streamflow will affect the amount
and timing of freshwater inputs, which will
influence the extent of saltwater, brackish,
and freshwater marsh habitat. Higher salinity
adversely affects plants adapted to a narrow

balance of fresh and saline water in estuaries.

Altered Sediment Dynamics
Description

Climate change is expected to alter sediment
processes in the Puget lowlands, which are
already heavily modified by humans
(Grossman et al., 2020). Heavier rainfall will
increase sediment transport in rivers (Lee et
al., 2015). Greater wave energy is expected to
increase sediment mobility leading to bluff,
beach, and barrier erosion and sediment loss
(Ruggiero, 2013). Estuarine habitat with intact
sediment processes that promote vertical
accretion will better keep pace with SLR.

Mf‘\,\,ﬂ

Management Actions

e Strategic acquisition of coastal habitats
for restoration in locations that allow for
landward migration of estuarine habitat.

e Topography restoration (such as
dredging, excavating, or filling) to remove
or add layers of surface material to alter
elevations for habitat restoration.
Creating irregular topography supports
the development of microhabitats as sea
level rises (Diefenderfer et al., 2018).

Management Actions

e Selecting appropriate plant species for
revegetation that reflect the expected rate
and amount of sea level rise will increase
restoration success despite higher salinity.

e Restoration projects in marsh habitats are
more likely to increase recruitment and
survival of marsh vegetation when
designed to maintain sufficient freshwater
input, even as freshwater input declines in
summer (Raymond et al., 2018).

Management Actions

e Removing shoreline armor or other
structures built to protect shorelines
from wave-driven erosion can restore
sediment input and transport.

e Removing dikes and berms built to
eliminate tidal flooding can reconnect
estuarine habitat with tidal waters, and
restore sediment supply and transport.

e Focusing restoration in areas with more
intact sediment processes can increase
success in a changing climate.



CLIMATE ADAPTATION:

Coast and Marine Ecosystems

Overview

Resource managers are implementing adaptation
strategies in northwest coastal and marine ecosystems.
These strategies can be categorized using the Resist,
Accept, Direct (RAD) Framework (Schuurman et al. 2020,
NPS). Resistance strategies maintain species and
habitats in their current conditions. Acceptance involves
little intervention, and allows ecological change.
Strategies that direct ecological change typically include
interventions that encourage less negative, or even
desirable, changes to species and habitats.

Adaptation Options

WHAT IT MEANS: Adaptive topography
transformations can include altering elevation,
aspect, and slope to promote vegetation growth
and increased habitat heterogeneity. Topography
can be altered through indirect processes such as
revegetation, or direct processes such as
dredging or excavating.

WHY IT WORKS: For estuarine systems, steep
upland slopes can limit inland migration of
species with sea level rise. In outer coastal
systems, dune morphology can help mitigate
erosion from wave action, or negative effects
from sea level rise. Alterations to topography can
also create habitat heterogeneity, and therefore
microclimates, that act as climate change refugia.

FINDING THE SCIENCE:

Diefenderer et al. 2018. Ecol. Eng.

e Creating mounds in tidal and estuarine
systems increased habitat heterogeneity
through soil moisture microclimates.

Thorne et al. 2018. Sci. Adv.

e Steep topography that limits upslope
movement of estuarine systems with sea level
rise is common in the Pacific Northwest.

Biel et al. 2017. Ecosphere.

e Invasive beach grasses are positively
associated with dune height and coastal
protection, and negatively associated with
nesting habitat for the western snowy plover.

e Tradeoffs for coastal protection and western
snowy plover habitat vary across beaches,
suggesting that some coastal areas are better
candidates for invasive dune grass removal.

Transform Topography

NISQUALLY RIVER DELTA RESTORATION

DESCRIPTION: The Nisqually River delta, located at the
southern end of the Puget Sound, was leveed in the early
1900s for agricultural purposes. The levees created
barriers for migrating fish (including native salmon species)
and resulted in a loss of typical estuarine tidal hydrology.

To restore these habitats, initial dike removal began in the
early 1990s and nearly 4 miles of dike were removed in
2009, making this delta restoration project the largest in
the PNW. Key partners included the Nisqually Indian Tribe,
the U.S. Fish and Wildlife Service, and Ducks Unlimited.
Throughout the course of this project, nearly 1000 acres of
salt marsh were restored, and fish habitat connectivity has
increased. This restoration project is an example of
removing local stressors (dikes), and protecting priority
habitat through restoration. Removing barriers also
provides opportunities for inland migration of estuarine
habitat and can buffer against sea level rise.

AT A GLANCE:

e Goals: Restore estuarine habitats, habitat
connectivity, and create resilience to sea level rise

e Location: Nisqually National Wildlife Refuge, Southern
Puget Sound

e Timeline: 1990's - 2009, with monitoring ongoing

e Strategies: Protect priority habitat, reduce local
stressors, transform topography

e Relevant Link: Nisqually Delta Restoration; CAKE:
Climate Adaptation Knowledge Exchange Case Study

Boardwalk through the Nisqually delta ecosystem at the Billy Frank
Jr. Nisqually National Wildlife Refuge. Photo: Emily Fusco



https://www.nisquallydeltarestoration.org/index.php
https://www.cakex.org/case-studies/restoring-tidal-flow-and-enhancing-shoreline-resilience-nisqually-river-delta
https://www.cakex.org/case-studies/restoring-tidal-flow-and-enhancing-shoreline-resilience-nisqually-river-delta
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WHAT IT MEANS: Models, observational study,
and expert elicitation can all be used to identify
high priority ecosystems and habitats for
reaching climate adaptation goals. Once areas are
identified, protection efforts may include adding
conservation areas through acquisition and
alleviating human use stressors through altered
use designations and regulations.

WHY IT WORKS: One major adaptation benefit of
protecting priority habitat is the potential to
increase habitat connectivity, allowing for species
dispersal and potential range shifts. By providing
species with opportunities to shift into new
geographic areas, practitioners can both accept
and direct climate effects to ecosystems. For
example, adding adjacent upland habitat to
currently protected estuarine systems may allow
for the landward migration of species with sea
level rise. Protecting priority habitats can also be
a resistance strategy when used to create climate
refugia. This could include prioritizing the
protection of tide pools that receive lower levels
of solar exposure based on aspect, thereby
buffering extreme heat events. Priority areas may
also be identified as those with high vulnerability
to climate stressors, and protection may include
reducing other local stressors to increase
resistance. Finally, protected habitats can serve
as valuable areas for scientific research and
monitoring of climate change effects.

FINDING THE SCIENCE:

Arafeh-Dalmau et al. 2023. One Earth.

e Atransboundary approach to identifying
climate-smart marine protected areas includes
consideration of habitat representation,
unique and important areas, longevity,
connectivity, and local threats.

Hesketh and Harley, 2022. Glob. Change Biol.

e Barnacle mortality in tidepools in the Salish
Sea was lower on steeply sloped and northeast
facing tidepools during the 2021 Pacific
Northwest Heat Dome.

Robert et al. 2017. PNAS

e Reviews climate adaptation benefits marine
protected areas, including promoting genetic
diversity, providing habitat connectivity, and
providing areas of reduced local stressors.

OREGON MARINE RESERVES PROGRAM

DESCRIPTION: The Oregon Marine Reserves consist of five
nearshore sites that encompass a variety of habitats,
including rocky intertidal zones, kelp beds, and soft
sediment areas. The reserve program was established in
2009 and high priority sites were identified based in part
on biodiversity and natural features of interest. Monitoring
at the sites began in 2010 - 2014, and harvest restrictions
at each site began two years after monitoring. Although
the goals of the program do not explicitly include climate
change adaptation, reserves are meant to conserve local
biodiversity by removing harvest and other extraction
activities. This could promote genetic diversity in local
populations, which is a way to increase species adaptive
capacity. These reserves also serve as areas for scientific
monitoring which can provide valuable information about
climate change effects. To date, the program has been
successful in monitoring changes to nearshore
environments and collecting data that can be used in
nearshore management.

AT A GLANCE:

e Goals: Species/ habitat conservation, scientific study

e Location: Nearshore marine environments in Oregon

e Timeline: 2009 - present

e Strategies: Protect priority habitat, reduce local
stressors

e Project Link: Oregon Marine Reserves Website

Starfish on a rock off the coast of Oregon. Photo: Roy W. Lowe/USFWS
CC BY 2.0 DEED



https://oregonmarinereserves.com/
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WHAT IT MEANS: Local stressors include
pollution, invasive species, and overexploitation
of resources. Reducing these stressors may
include identifying and reducing sources of
pollution, removing invasive species and restoring
native species, or modifying resource use
guidelines.

WHY IT WORKS: Ecological theory suggests that
organisms' abilities to be resilient in the face of
one stressor are often reduced when faced with
additional stressors. This is especially true when
an organism experiences multiple stressors at the
same time, rather than in succession, because
there is no time for physiological
recovery.Therefore, removing local stressors can
promote populations that are more robust to
climate related stressors, and provide additional
capacity to resist ecological change. Local
stressors can also interact with climate change
stressors themselves, changing their magnitude
or severity. It is important to note that there are
exceptions to this depending on the stressors,
species, and ecosystems of interest.

FINDING THE SCIENCE:

Gissi et al. 2021. Sci. Total Environ.

e The combined effects of climate change and
local human stressors are context dependent.
At the species level, local human stressors
typically intensify negative effects from climate
change in marine systems.

Stockbridge et al. 2020. Sci. Rep.

e A meta-analysis of seagrass suggests that
climate stressors (e.g. increased temperature),
combined with other local stressors tend to
have negative ecological effects either equal to,
or greater than, the sum of their parts.

Clements and Chopin 2017. Rev. Aquacult.

e Atmospheric CO2 is not the only contributor to
ocean acidification, particularly in near shore
marine areas. By decreasing local stressors,
like nutrient runoff that leads to algal blooms
and subsequent eutrophication, overall levels
of ocean acidification may be mitigated.

Gunderson et al. 2016. Annu. Rev. Mar. Sci.

e Areview explains the contexts under which
multiple stressors may be more, or less,
detrimental to organisms in marine systems.

INVASIVE BEACHGRASS REMOVAL

DESCRIPTION: Western snowy plover (Charadrius nivosus
nivosus) and streaked horned lark (Eremophila alpestris
strigata) require sparsely vegetated sandy areas for nesting,
which is at risk due in part to sea level rise and the invasive
beachgrasses Ammophila breviligulata, A. arenaria, and a
recently identified hybrid. In 2002, the U.S. Fish and Wildlife
Service began removing the invasive beachgrasses from
coastal dunes on Willapa National Wildlife Refuge at
Leadbetter Point, Washington, using mechanical removal,
hand pulling, and herbicide treatments. Employing a
resistance strategy, this project reduces local stressors
(invasive species), with the aim of restoring priority habitat
for native flora and fauna. It also directs ecological
transformation by allowing species to migrate inland into
new suitable habitats with sea level rise. To date, the project
restored over 350 acres (141 ha) of beach habitat, with
another 500 acres (202 ha) of restoration underway.
Streaked horned lark have increased from a low of five pairs
in 2018 to 23 pairs in 2023, with a 10-year average of 10
pairs. Snowy plovers have also increased in number, but
less substantially due to several other factors. Native plants
have begun to reestablish primarily through natural
regeneration and native invertebrates have been
documented in the restored ecosystem.

AT A GLANCE:

e Goals: Create resilient habitat for native species by
removing invasive grass species

e Location: Leadbetter Point, Willapa National Wildlife
Refuge, Washington

e Timeline: 2002 - present

e Strategies: Protect priority habitat, reduce local stressors,
transform topography

Restored beach habitat after invasive dune grass removal at
Leadbetter Point, Willapa NWR. Photo: William Ritchie/ USFWS
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WHAT IT MEANS: Increasing genetic diversity can
increase adaptive capacity, or the ability of
species and ecosystems to persist despite climate
change. Maximizing genetic diversity can include
increasing local population size and adding
individuals with new genotypes from non-local
populations.

WHY IT WORKS: In theory, increased genetic
diversity would increase the likelihood that a
species could adapt to changing ecosystem
conditions because the species might already
have suitable genotypes for new environmental
conditions. For example, incorporating individuals
from populations in warmer parts of the species’
range into local populations could increase
adaptive capacity if local populations integrate
that genetic material and adapt more quickly. If a
local population size is increased (e.g., by
reducing predators or changing fisheries
management), the local population may also gain
higher levels of genetic diversity.

FINDING THE SCIENCE:

Dubois et al. 2022. Glob. Change Biol.

e Populations with genotypes well adapted to
higher temperatures can come from the
central part of the species range. Here, local
populations of eelgrass had variable tolerance
to increased temperatures even at fine spatial
scales and within the species range interior. It
is likely these variations in genotypes were
influenced by local stressors.

Thurman et al. 2022. Conserv. Biol.

e Management actions can increase species
adaptive capacity directly (e.g. increasing
population size), and indirectly (e.g. removing
biotic stressors).

e |f adaptive capacity cannot be increased,
management options can focus on reducing
exposure (e.g. providing climate refugia).

Okey et al. 2015. Ocean Coast. Manag.

e Measuring a species adaptive capacity can be
difficult. Cumulative impacts from non-climate
related stressors can be used as an inverse
proxy for adaptive capacity.

e Kelp and seagrass habitats, and shallow and
deep rocky reefs were identified as highly
vulnerable ecosystems.

Increase Genetic Diversity and Adaptive Capaci

MORE ADAPTATION RESOURCES:

@ RISING SEAS AND THE COASTAL SQUEEZE DEEP DIVE:

Developed by scientists, managers, and community
members, this series of products includes a key
findings overview, biophysical, management, and
policy syntheses, and a tools database.

Resource Link; Rising Seas and the Coastal Squeeze Deep Dive
| Northwest Climate Adaptation Science Center

@ EVALUATING ADAPTATION ACTIONS FOR SEA LEVEL
RISE AND COASTAL CHANGE IN THE PACIFIC
NORTHWEST

Published in 2018, this assessment provides an
overview of adaptation options for sea level rise and
includes a tools and literature review database.

Resource Link: CASC Project Explorer Available Science
Assessment Process (ASAP)

@ WASHINGTON COASTAL HAZARDS AND RESILIENCE
NETWORK

This website provides an overview of coastal hazards
and a resource library. The associated “Resilience
Project Case Studies Mapper” includes 45 examples
of coastal resilience projects, many of which relate to
sea level rise.

Resource Link: Washington Coastal Hazards Resilience
Network Website
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An interactive map from the “Resilience Project Case Studies

Mapper” includes information for 45 resilience projects. Image:
Washington Coastal Hazards Resilience Network



https://nwcasc.uw.edu/programs/actionable-science-deep-dives/rising-seas-and-the-coastal-squeeze-deep-dive/
https://nwcasc.uw.edu/programs/actionable-science-deep-dives/rising-seas-and-the-coastal-squeeze-deep-dive/
https://cascprojects.org/#/project/4f8c64d2e4b0546c0c397b46/55e07a67e4b0f42e3d040f3c
https://cascprojects.org/#/project/4f8c64d2e4b0546c0c397b46/55e07a67e4b0f42e3d040f3c
https://wacoastalnetwork.com
https://wacoastalnetwork.com
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IN THE OVERVIEW

FOREST ECOSYSTEMS DESCRIPTION
INTERACTION OF CLIMATE CHANGE AND ECOSYSTEM STRESSORS
DIRECT EFFECTS OF CHANGES IN THE CLIMATE
INDIRECT EFFECTS
CHANGES IN FIRE REGIMES
CHANGES IN INSECTS AND PLANT PATHOGENS
CHANGES IN INVASIVE SPECIES DISTRIBUTION AND ABUNDANCE
DISTURBANCE INTERACTIONS
DISTURBANCE AND CLIMATE DRIVER INTERACTIONS
VEGETATION RANGE SHIFTS

FOREST ECOSYSTEMS DESCRIPTION

Forest ecosystems cover much of the Northwest (NW), ranging from highly-productive, wet
forests near the Pacific coast to low-productivity, cold forests at high elevations in the
Cascade and Rocky Mountain Ranges, and dry woodlands to the south and in the interior
plateau (Figure 1). Forests of the NW can be grouped into five types defined by climatic
conditions that influence productivity and species composition (Table 1). Fire regimes and
biotic disturbances vary among forest types and further influence species composition and
structure (Table 1). The influence of human activities on forest is substantial across much of
the region and interacts with the effects of climate change.

Figure 1. Forest types in the Pacific
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FOREST ECOSYSTEMS OVERVIEW

CLIMATE EFFECTS
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CLIMATE EFFECTS: FOREST ECOSYSTEMS OVERVIEW

INTERACTION OF CLIMATE CHANGE AND ECOSYSTEM
STRESSORS

Climate change is affecting forest ecosystems throughout the NW and impacts are
expected to intensify with further warming and changes in precipitation patterns. Changes
in the climate will directly affect plant phenology, growth, productivity, regeneration, and
mortality. Biotic and abiotic disturbance regimes, themselves altered by a changing climate,
will interact with the direct effects of climate change to influence future forest structure
and composition over large areas, ultimately changing the distribution of species and the
extent of forest cover.

DIRECT EFFECTS OF CHANGES IN THE CLIMATE

The physiological sensitivity of forest vegetation to the direct effects of increasing
temperatures and changes in precipitation patterns partially depends on
species-specific vulnerability to climate change.

e Higher temperatures, greater evaporation or evapotranspiration, and decreases in
summer precipitation are expected to reduce moisture available for tree growth and
productivity during some times of the year.

e Dry mixed-conifer forests and dry, warm forests and woodlands are already
water-limited and are expected to be more vulnerable to changes in the frequency
and severity of drought.

e Higher temperatures in autumn, winter, and spring will decrease snowpack and lead
to longer growing seasons. This is expected to increase growth and productivity in
energy-limited cold forests and moist mixed-conifer forests where water is generally
sufficient during the growing seasons but temperature currently limits growth.

Climate change is affecting plant phenology primarily through earlier onset of spring
phenological events, such as flowering and bud break, and delayed autumn
phenological events, such as leaf coloring and senescence (Piao et al. 2019).

e Temperature is a primary control of plant phenological processes, particularly
accumulated temperature (i.e., growing degree days), for events that are triggered
by cold and hot temperatures. Photoperiod also influences phenological events,
however, and may limit phenological response to warming (Fu et al. 2015).

e Spring phenology is more responsive to daytime warming than to nighttime
warming at both the species and ecosystem levels. Photoperiod regulates
phenological events in autumn more than spring, so warming in spring is expected
to affect phenological events more compared to warming in autumn (Fu 2015).

e Trends in the earlier onset of phenological events in spring and delay in events in
autumn with warming appears to be slowing, but understanding of the mechanisms
underlying these phenological responses to climate change remains limited (Piao et
al. 2019).


https://www.zotero.org/google-docs/?ppQCaS
https://www.zotero.org/google-docs/?F7xFHp
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e Changes in the timing of phenological events affect broader ecosystem functions,
such as carbon cycling, yet understanding of these functional changes remains
limited (Piao et al 2019).

Forest ecosystems demonstrate varying sensitivity to ecological drought as a
function of species-specific tolerance of dry conditions, stand composition, and
landscape characteristics.

e Alack of available water during drought causes or contributes to tree mortality
through the combined effects of carbon starvation and hydraulic failure (Adams et
al. 2017).

e The sensitivity of forest ecosystems to drought is a function of multiple factors: plant
community composition, forest density, size class distribution, species-specific
tolerance of drought stress, and landscape characteristics, such as topography and
soils. Local climate mediates the sensitivity of forest ecosystems to drought.

e Ecotones (transitions from forests to non-forest ecosystems such as shrublands and
grasslands) in dry, warm forests and woodlands and cold forests of the Rocky
Mountains demonstrate high sensitivity to seasonal drought relative to other NW
forest ecosystems.

e High elevations (cold forests), forest in drier climates (dry mixed-conifer forests, dry
warm forests and woodlands), or forests located in areas with greater soil bulk
density exhibit higher drought sensitivity (Cartwright et al. 2020).

e Forests located in valley bottoms and areas with low soil bulk density and soil
available water capacity exhibit less drought sensitivity and may function as drought
refugia (Cartwright et al. 2020).

Globally, widespread tree mortality in response to drought and heat is well
established (Allen et al. 2010). In the NW, recent ecological droughts have reduced
forest productivity and tree growth, increased mortality rates, and contributed to
diebacks and declines of some species.

e Several tree species in the NW are displaying periods of decline and high rates of
mortality in portions of their range, including Douglas-fir in the Klamath Mountains
region (Bennett et al. 2023), bigleaf maple (Betzen et al. 2021), and western redcedar
in the Coast Range, Cascades and Puget Lowlands regions (Andrus et al. 2024).
These declines are preconditioned by ecological drought, in combination with other
biotic or abiotic stressors.

The effect of higher atmospheric concentrations of carbon dioxide (CO,) on forest
productivity (i.e. CO, fertilization) remains poorly understood; most evidence
indicates that the increase is likely to be limited, site specific, and depend on
available moisture and nutrients.
e Greater concentrations of atmospheric CO, have the potential to increase water use
efficiency and drought tolerance of plants by reducing water loss through stomatal
conductance.
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e Most CO, fertilization research relies on biogeochemical models or experiments
with highly controlled site conditions, making inferences to the uncontrolled
environment difficult. In controlled experiments and modeling studies, higher
concentrations of atmospheric CO, reduce evapotranspiration, increase soil
moisture, photosynthesis, biomass production (Naidu and DeLucia 2001), and offset
some negative effects of drought on productivity, but the effects are minor and
more pronounced for seedlings than mature trees (DeLucia et al. 2005).

Regeneration and recruitment are sensitive life stages that will influence the
trajectory of species range shifts and forest conversion to non-forest vegetation.
Climate change effects on recruitment processes will vary by forest type and the
associated climatic factors that limit recruitment.

e Juvenile life stages are especially sensitive to climatic conditions because of
narrower climatic tolerances relative to mature trees.

e Range shifts for conifer species are expected to lag changes in the climate and range
expansion will be limited by constraints on tree regeneration and recruitment
including availability of seed sources, availability of microsites for establishment,
and climatic conditions in the years following disturbance.

e Seed availability following disturbance is limited by long distances from parent-tree
seed sources (Littlefield ), and the abundance of parent-trees is especially limiting at
the upper elevation edge of conifer species ranges in the NW (Kroiss and
HilleRisLambers 2015).

e Availability of suitable microsites will limit seedling germination, but effects will vary
by species, complicating projections of range shifts (Kroiss and HilleRisLambers
2015). For example, microsite availability for seed germination is sensitive to the
duration of snowpack. The availability of microsites will decrease for low-elevation
conifer species as snowpack duration declines but increase for high-elevation
species.

e The potential for range shifts is greater following disturbance, and post-disturbance
regeneration and recruitment rates are strongly correlated with post-disturbance
climatic conditions (Littlefield 2019, Littlefield et al. 2020). In water-limited forests,
drought and low soil moisture are expected to reduce tree regeneration following
disturbance (Tepley et al. 2017), restricting post-disturbance regeneration to
growing seasons with a relatively cool and moist (Littlefield 2019).



CLIMATE EFFECTS: FOREST ECOSYSTEMS OVERVIEW

INDIRECT EFFECTS

Climate change will influence NW forest ecosystems indirectly by altering
disturbance regimes. Disturbances are a major driver of forest structure, composition and
function and are expected to shift in frequency, extent, severity and seasonality as the
climate changes (Seidl et al. 2017). In the NW, major forest disturbances influenced by
climate include wildfires, outbreaks of insects and pathogens, species invasions, and their
interactions.

CHANGES IN FIRE REGIMES

Climate change will promote wildfire activity in NW forests (Reilly et al. 2021, Hood et
al. 2021), but changes in fire regimes will be variable (Hoecker et al. 2023).

e Across the western US, climate change has enhanced fuel aridity and driven
increases in fire activity (Abatzoglou & Williams 2016) including extreme fire weather
(Abatzoglou et al. 2019, Abatzoglou et al. 2021, Coop et al. 2022), area burned
(Westerling 2016, Abatzoglou and Williams 2016), high-severity burn area (Parks and
Abatzoglou 2020), fire season length (Jolly et al. 2015), number of large fires
(Dennison et al. 2014) and nighttime fire intensity (Balch et al. 2022).

e Future warming is expected to continue to increase fire activity, though trends differ
across forest types and are influenced by future patterns of, and feedbacks in,
climate, land use, fire suppression and vegetation change (Littell et al. 2018).

In forests where fire is limited by available fuel (dry warm forests and woodlands,
mixed-conifer forests), climate change is highly likely to increase fire frequency,
extent, and severity (Halofsky et al. 2020), especially in the wildland-urban interface.
e Increasing spring and autumn temperatures and drier summers are expected to
increase area burned (Holden et al. 2018, Littell et al. 2018) and lengthen the fire
season (Jolly et al. 2015).
e Forests in and near the wildland-urban interface are likely to experience greater
impacts due to greater potential for human-caused ignitions (Balch et al. 2017).
e Increases in fire severity and extent will be partially driven by enhanced fuel
abundance and connectivity from the legacy of past fire exclusion and suppression
(Reilly et al. 2021).
e Over longer time frames, fuel-limited systems may experience reductions in fire
frequency and severity if fuel availability is reduced by future declines in vegetation
productivity (Reilly et al. 2021).

In forests where fire is limited by flammability (wet and cold forests), future fire
activity is less certain due to limited historical data on fire-climate relationships
(Donato et al. 2020).
e Area burned is projected to increase more and sooner in flammability-limited
systems compared to fuel-limited systems since warming and drying climate
conditions promote fuel aridity (Littell et al. 2018).
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e Where fuel aridity is primarily moisture-driven (wet forests), climate change is less
likely to change fire regime characteristics in the near term. Fire frequency and
severity are expected to increase with warming, but frequency will remain relatively
low (Halofsky et al. 2020). In the absence of extreme fire weather, the potential for
small to moderate size fires may increase (Reilly et al. 2022), though co-occurrence
of compounding extremes (e.g., fuel aridity and high winds) are expected to increase
the risk of smaller fires becoming large events (Abatzoglou et al. 2021).

e Where fuel aridity is primarily temperature-driven (cold forests), climate change is
moderately likely to increase fire frequency and extent (Halofsky et al. 2020). Higher
temperatures will promote the flammability of forests at high elevations, forests
typically too wet to burn for much of the year (Alizadeh et al. 2021), allowing
increased fire activity in lower elevations to spread into subalpine areas.

e Increased vegetation productivity will provide more available fuel in cold forests
during dry conditions (Halofsky et al. 2020).

Changing fire regimes are expected to alter postfire forest structure, composition
and function. Fire effects will be compounded by legacies of past management,
particularly in mixed-conifer forests where fire exclusion and suppression have led
to anomalously high fuel amounts (Hagmann et al. 2022).
e Increased fire frequency, severity and extent will decrease forest age and alter
landscape heterogeneity within large burn patches (Halofsky et al. 2020, Halofsky et
al. 2018f, Harvey et al. 2023, Cassell et al. 2019).
e More frequent large and severe fires will limit postfire regeneration by reducing
seed availability (Halofsky et al. 2020, Hoecker et al. 2023, Meigs et al. 2020, Agne et
al. 2022) and survival (Davis et al. 2019b, Wolf et al. 2021).
e By removing vegetation and altering soil properties, high-severity fire reduces soil
stability and increases debris flows with implications for water quality and quantity
(Prichard et al. 2021).

CHANGES IN INSECTS AND PLANT PATHOGENS

Climate change will alter the potential for biotic disturbance outbreaks in NW forests
through interacting effects on both biotic agents and their host trees. Effects will
vary by site, species and climate scenario (Agne et al. 2018; Fettig et al. 2022a;
Simler-Williams et al. 2019).

Shifts in temperature and precipitation will affect the virulence of biotic agents
directly through effects on fitness, fecundity and phenology (Fettig et al. 2022a, Agne
et al. 2018). Adaptation to local conditions may limit the extent to which biotic agents
can respond to climate variation (Simler-Williamson et al. 2019).
e Climate change promotes increased likelihood and extent of insect outbreaks.
Warming is expected to increase population growth and range expansion for some
insect species by promoting greater overwinter survival, faster development, earlier
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emergence, completion of more generations in a year and enabling climatic
suitability at higher elevations (Pureswaran et al. 2018; Simler-Williamson et al. 2019;
Fettig et al. 2022a).

e Fungal development is highly sensitive to precipitation and often favored by cool
and moist soil conditions, suggesting that warming may reduce the virulence of
some plant pathogens in dry climate scenarios (Agne et al. 2018).

Climate change will influence biotic outbreak dynamics indirectly by influencing host
tree susceptibility to insects and plant pathogens.

e Greater drought frequency and severity increase host tree susceptibility to biotic
agents by reducing resources available for defense (Pureswaran et al. 2018).
However, water stress may also reduce nutritional content and structural properties
of host leaves, thus weakening the benefits for foliar pathogens and defoliating
insects (Simler-Williamson et al. 2019).

e Trees affected by biotic agents may be more sensitive to direct effects of warming
and drought stress on growth and mortality, contributing to increased outbreak
severity (Agne et al. 2018; Bell et al. 2020).

e Host susceptibility may be mediated by stand conditions, genetic variation within
the host tree population, host tree range shifts and asynchronicity in key host and
biotic agent development stages (Agne et al. 2018; Pureswaran et al. 2018; Six et al.
2018; Simler-Williamson et al. 2019).

CHANGES IN INVASIVE SPECIES DISTRIBUTION AND ABUNDANCE

Climate change will promote opportunities for expanded distribution, rate of spread
and abundance of invasive species in NW forests.

e Forests of the NW are vulnerable to species invasion due to heterogeneity in climatic
and landscape conditions that facilitate diverse habitat niches, importance of
international trade of forest products to the regional economy, and rapid human
population growth - factors associated with invasive species introductions and
establishment (Gervais et al. 2020).

e Effects of climate change on invasive species dynamics will be variable within and
among species, and depend on direct effects on individuals, indirect effects on
available resources and species interactions, and alteration of environmental
conditions by humans and other influences (e.g., management, extreme events,
disturbances; Finch et al. 2021; Gervais et al. 2020).

e Increased frequency, duration and intensity of extreme weather events (e.g., floods,
droughts) may facilitate dispersal and colonization of invasive species by carrying
propagules, reducing existing vegetation, and creating bare soil (Finch et al. 2021).

Shifts in temperature and precipitation will have direct effects on invasive species
via climate controls on physiology.
e Many invasive plants have broad climatic tolerances, high phenological plasticity,
and can adapt rapidly to local climates which may promote greater survival and
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reproductive success under warmer and drier climate conditions than native plant
species (Ayres et al. 2014; Finch et al. 2021).

e Warming is likely to benefit invasive insects by increasing movement, dispersal,
feeding, growth and survival. Yet, warming may also reduce insect survival and
reproduction by disrupting developmental synchrony with their hosts and altering
overwintering conditions (Finch et al. 2021).

e Increasing temperatures and shifts in precipitation amount and timing will have
direct effects on invasive pathogen spore formation and host infection success, and
indirect effects via changes in host stress (Finch et al. 2021).

DISTURBANCE INTERACTIONS

Greater disturbance activity under climate change increases the potential for
interactions among disturbances in NW forests. Disturbances may be linked, where the
effects of one disturbance alter the likelihood, extent, or severity of a subsequent
disturbance (Simard et al. 2011). Disturbance interactions may also produce compound
effects on forest structure and function when multiple disturbances occur without
sufficient time for recovery between them (Paine et al. 1998, Kleinman et al. 2019).

Climate-driven increases in fire activity will promote the likelihood of reburns -
areas where multiple fires overlap. Reburn severity will be influenced by severity of
the first fire, climate setting and forest type, interval between fires, and fire weather
(Halofsky et al. 2020).

e Reburns may be less severe at shorter intervals and more severe in areas with
prolific shrub and tree regeneration (Halofsky et al. 2020).

e In fuel- (dry warm forests and woodlands, mixed-conifer forests) and
temperature-limited systems (cold forests), past fires can act as temporary barriers
(5-25 years) to subsequent fire occurrence, spread and severity due to consumption
of available fuels and changes in vegetation. This effect weakens over time as fuels
recover, and can be overcome by extreme fire weather (Halofsky et al. 2020, Hood
et al. 2021).

e In moisture-limited systems (wet forests), past fires may not reduce reburn
likelihood or severity due to rapid postfire accumulation of live biomass (Halofsky et
al. 2020, Reilly et al. 2022).

e When occurring over shortened intervals, reburns may produce abrupt shifts in
forest structure and composition — including transition to non-forest vegetation —
by eroding resilience mechanisms (Agne et al. 2022, Hood et al. 2021, Hoecker &
Turner 2022, Halofsky et al. 2020, Kleinman et al. 2019).

e Reburns may maintain or extend the longevity of structurally complex early-seral
habitats characterized by high biodiversity (Reilly et al. 2021).

Occurrence and effects of interactions between fire and biotic disturbances will
depend on the order, severity and timing of each disturbance (Fettig et al. 2022b).



CLIMATE EFFECTS: FOREST ECOSYSTEMS OVERVIEW

e Severe fire may reduce biotic disturbance likelihood by killing host trees over
extensive areas (Simler-Williamson et al. 2019). Injury and reductions in vigor caused
by lower severity fire can increase tree susceptibility to insects and pathogens (Hood
et al. 2021), though in some cases fire may stimulate tree defenses and mitigate
biotic disturbance risks (Fettig et al. 2022b).

e Biotic disturbances are unlikely to affect fire likelihood (Meigs et al. 2015) or area
burned (Hart et al. 2015). However, tree mortality and shifts in fuel profiles following
insect or pathogen outbreaks can influence fire behavior (e.g., Woolley et al. 2019)
and severity (Talucci et al. 2020), though extreme fire weather will override these
effects (Fettig et al. 2022b). Trees injured or killed by biotic agents are more
susceptible to fire-caused damage and mortality (Halofsky et al. 2018a).

e Forest recovery following biotic disturbance and fire interactions will depend on the
regeneration mechanisms of the affected trees. Canopy seedbanking species are
less affected by compound disturbances, whereas obligate seeding species may
experience lower postfire seedling establishment in areas affected by insect
outbreaks prior to fire (Halofsky et al. 2020).

Increasing disturbance activity will expand the distribution, spread and abundance
of invasive species in NW forests.

e Highly competitive traits allow invasive species to rapidly colonize disturbed areas.
Fire and insect outbreaks can enhance invasive species performance by killing
native species, decreasing competition, creating bare ground and increasing
available resources (Finch et al. 2021, Halofsky et al. 2020).

e Low-elevation dry forests are vulnerable to invasive species establishment following
more frequent fires (Halofsky et al. 2020, Finch et al. 2021).

e Invasive annual grasses like cheatgrass and ventenata can alter fire regimes by
creating a continuous layer of fine, highly combustible fuels that dry early in the
season, increasing both fire likelihood and fire season length and further hindering
native species recovery (Kerns et al. 2020, Finch et al. 2021, Halofsky and Peterson
2017, Tortorelli et al. 2023).

e Invasive species can increase insect outbreak severity. For example, in cold forests,
heavy infections of invasive white pine blister rust reduce tree defenses against
mountain pine beetle (Simler-Williamson et al. 2019).

Increasing insect and plant pathogen activity will promote biotic disturbance
hotspots — areas where multiple biotic disturbances overlap — with potential for
compounded effects on forest recovery. Effects of biotic disturbance interactions
depend on species, time since outbreak and outbreak severity and extent (Harvey et
al. 2023b).
e Outbreaks of one biotic agent typically limit successive outbreaks of the same
species by removing available hosts, whereas interactions between different biotic
agents are more variable (Simler-Williamson et al. 2019).



CLIMATE EFFECTS: FOREST ECOSYSTEMS OVERVIEW

e Stress from needle loss caused by defoliating insects can predispose trees to bark
beetle attack (Halofsky et al. 2018c).

e Fungal pathogens may influence host tree susceptibility to insects by increasing
stress and reducing defenses (Halofsky et al. 2020). For example, root diseases can
predispose trees to attack and mortality by bark beetles, whereas foliar pathogens
often reduce host attractiveness to bark beetles (Agne et al. 2018).

e Plant parasites (e.g., dwarf mistletoe) may increase tree susceptibility to bark
beetles, though reductions in tree growth and phloem thickness can decrease bark
beetle performance (Halofsky et al. 2018c).

DISTURBANCE AND CLIMATE DRIVER INTERACTIONS

Interactions between direct and indirect climate effects will drive shifts in NW forest
structure and function.

e Interactions may result in altered species composition or forest loss, particularly for
dry forests and sites on southwest-facing slopes or at lower elevations (Davis et al.
2019a, Halofsky et al. 2020, Kemp et al. 2019).

e Climate conditions prior to and during disturbances can alter disturbance severity
(Halofsky et al. 2020). Reduced tree vigor from preceding heat and drought stress
may increase the severity of fire and insect outbreaks by enhancing tree mortality
probability (Coop et al. 2020, Van Mantgem et al. 2020).

Climate conditions following disturbance can influence forest recovery through
effects on regeneration processes.

e Temperature and moisture are important drivers of tree regeneration success, with
warmer and drier postfire conditions associated with reduced seedling
establishment and growth (Littlefield et al. 2020, Kemp et al. 2019, Hankin et al.
2019, Davis et al. 2019b) and longer regeneration timelines (Agne et al. 2022).

e Unfavorable postfire growing conditions may enhance the risk of regeneration
failure following future fires (Stevens-Rumann et al. 2018), though topography and
stand-level factors may outweigh short-term effects of postfire climate for some
areas (Littlefield 2019, Davis et al. 2023).

e Warmer and drier postfire conditions may facilitate faster spread of invasive species
and competitive advantage over native species (Finch et al. 2021).

VEGETATION RANGE SHIFTS

Changes in tree recruitment, growth, and mortality will culminate in changes in
species dominance and composition and ultimately the distribution, or range, of
some tree species. Species ranges are shifting in the NW due to the direct effects of
changes in temperature, precipitation and atmospheric CO, on these demographic
processes, catalyzed by more frequent and severe disturbances. Range shifts are
expected to continue as the climate continues to warm.



CLIMATE EFFECTS: FOREST ECOSYSTEMS OVERVIEW

e Simulation modeling of environmental conditions and tree species suitability across
the NW suggests that changes in species distribution will be greatest in montane
forests (cold forests and moist mixed-conifer forests). Tree species are expected to
be most stressed within their current ranges in NW desert ecosystems (i.e. dry,
warm forests and woodlands) (Mathys et al. 2017). Species ranges are expected to
expand in wet forests and the northern part of the NW.

e More frequent fire will favor species with traits that facilitate fire resistance or rapid
postfire recovery over fire-avoidant species (Halofsky et al. 2020, Hoecker et al.
2023). This will catalyze upward shifts in species ranges (e.g., Nigro et al. 2022) and
make high-elevation species vulnerable to decline (Cassell et al. 2019).

e Recentwarming in forested ecosystems in the NW has shifted community
composition towards greater abundance of tree species that are tolerant of heat;
this trend is expected to continue with accelerated warming (Rosenblad et al. 2023).

e Changes in the climate are expected to favor species with wider climatic niches and
greater physiological tolerances of hot and dry conditions.

e Abrupt shifts to non-forest vegetation may occur where extensive tree mortality and
constraints on regeneration compromise forest recovery (Coop et al. 2020). Lower
elevation and drier forests will be particularly vulnerable to fire-driven conversion to
shrub- or grass-dominated systems (Davis et al. 2019a, Davis et al. 2020, Hoecker et
al. 2023, Meigs et al. 2023, Parks et al. 2019).



Blue Mountains

Forest Ecosystems

Regional Description

The Blue Mountains ecoregion is generally lower
elevation than the Cascade and Rocky Mountains.
Forests are primarily dry mixed-conifer forests, with
areas of cold and moist mixed-conifer forests and
dry warm forests and woodlands. Major tree
species in dry mixed-conifer forests include

ponderosa pine and Douglas-fir. Major tree species State Provinial bouncars

in the maritime-influenced, productive moist =

mixed-conifer forests include fir Engelmann spruce — N

and fir species. Major tree species in cold forests B oqmeiarim 0w o

include subalpine fir, Engelmann spruce and
whitebark pine. The major tree species in dry warm
forests and woodlands is western Juniper, which The ecoregion is dominated by dry mixed -conifer forests with

has expanded its range considerably. cold-moist mixed conifer forests at high elevations and dry warm
forests in woodlands at low elevations. Data Source: LANDFIRE

Biophysical Settings (BPS) 2020.

Management Considerations
e In dry mixed-conifer forests, fire exclusion has increased forest density, and shifted species composition
away from ponderosa pine dominance towards shade-tolerant, fire-intolerant species.

e Dense forests with an overabundance of shade-tolerant trees are less resistant to wildfire and increase
the potential for uncharacteristically large and severe fire.

e Extensive cattle grazing in dry mixed-conifer forests and non-forest ecosystems has changed plant
composition and increased the abundance of invasive species such as cheatgrass.

Managing Ecosystem Stressors
mmm) Drought Stress and Declining Forest Productivity

Description Strategy Habitat

Productivity in dry mixed-conifer forests e Vulnerable habitats are ponderosa pine dominant dry
is limited by moisture availability. Hotter mixed-conifer forests, especially where fire exclusion
and drier conditions in summer are has increased the density of shade-tolerant conifers.
expected to decrease available soil e Older forests with large, fire-resistant trees provide
water, which reduces tree growth and critical wildlife habitat.

limits recruitment, especially at the

forest-steppe ecotone (Halofsky and Management Actions

Peterson 2017). Climatic suitability for e Protect drought-adapted individuals and maintain
Douglas-fir and ponderosa pine is availability of drought-tolerant tree species and
projected to decrease in this ecoregion. genotypes (Halofsky and Peterson 2017).

e Enhance forest productivity by reducing tree density to
maintain tree vigor and growth, with a focus on
ecosystem function rather than specific tree species
(Sohn et al. 2016).


https://www.landfire.gov/bps.php
https://www.landfire.gov/bps.php

Blue Mountains

Forest Ecosystems

Managing Ecosystem Stressors

- Mortality and Range Restriction of Cold-Forest Conifer Species

Description Strategy Habitat

Longer growing seasons and shorter e Conifer species in cold forests of this ecoregion,
duration snow cover are expected to particularly whitebark pine, limber pine, and mountain
enhance growth and recruitment of hemlock, are especially vulnerable to warming.
subalpine species, yet disturbances are e Rare and relic populations of whitebark pine, limber
expected to increase tree mortality rates pine, and mountain hemlock are especially vulnerable
(Halofsky and Peterson 2017). to loss from biotic and abiotic disturbances that are
Whitebark pine and limber pine are favored in a warmer climate.

threatened by white pine blister rust. It e Whitebark pine is a critical food source for wildlife

is unknown whether climate change will species and contributes to the character of

favor blister rust, but a more variable high-elevation forests.

climate may favor infections. Cold M t Acti
forests are slow to recover from fire, so anagement Actions
more fire is expected to reduce habitat e Suppress fire or use insecticides and/or

extent. In recent decades, temperatures semiochemicals (e.g., anti-aggregation pheromones to
have facilitated an upward expansion of resist the loss of relic populations of high-elevation

the range of mountain pine beetle (Fettig conifers (Halofsky and Peterson 2017).

et al. 2022), increasing mortality rates of e Monitor abundance and vigor of five-needle pines
high-elevation conifers. Encroachment (Halofsky and Peterson 2017).

by low-elevation conifers in a warmer e Resist species loss by maintaining genetic diversity
climate increases competition, whereas within five-needle pine populations with natural

space for upward migration of regeneration (Six et al. 2021, Six et al. 2018).
cold-forest conifers is limited by e Plant blister rust resistant whitebark pine genotypes to
topography and substrate. resist species loss (Halofsky and Peterson 2017).

Description Strategy Habitat

Nonnative annual grass invasion (e.g. e Two habitats especially vulnerable to this ecosystem
cheatgrass and ventenata) has changed stressor are dry mixed-conifer forests at the ecotone
fire regimes by increasing fine fuels that with woodlands and dry warm forests and woodlands at
carry wildfire. Following fire, cheatgrass the ecotone with shrublands and grasslands.

invades low-elevation dry forests where

it competes for resources, facilitates Management Actions

future fires, and increases fire season e Removal of invasive annual grass is not feasible in areas
length (Kerns et al. 2020). Cheatgrass where it is well established (Halofsky and Peterson
range is limited by cold temperatures, 2017), but long-term control can still reduce impacts on
but it is expected to spread to higher ecosystems.

elevations and into forests in a warming e Control of invasive grasses with chemical and biological
climate. However, more precipitation methods may be less effective with warming (Halofsky
may offset these effects and limit range and Peterson 2017).

expansion (Bradley et al. 2018). e Minimize the spread of invasive annual grasses by
Cheatgrass productivity is also enhanced increasing the resilience of native perennial grasses

by elevated carbon dioxide (Ziska et al. through the use of prescribed burning (Halofsky and
2005). Recent increases in ventenata Peterson 2017).

raise concerns for this ecoregion due to
its ability to outcompete and replace
cheatgrass (Tortorelli et al. 2023).



Cascades

Forest Ecosystems

Regional Description

The Cascades ecoregion is dominated by wet State ! Provincial boundarios
forests with cold forests at high elevations. Major [ ] o

tree species in wet forests include Douglas-fir,
western hemlock, western redcedar, Pacific silver
fir, noble fir, grand fir, red alder, and bigleaf maple.
Major tree species in regional cold forests include
mountain hemlock, subalpine fir, yellow-cedar,
Engelmann spruce and lodgepole pine.

I Cold forest

B Wet forest

[ Moist mixed conifer forest
[ Dry mixed conifer forest

| Dry warm forests & woodlands

Management Considerations

e Human population and land development is
relatively sparse and large areas are publicly-owned
wilderness and forest reserves, but population
growth creates development pressures.

e Given the long fire return intervals in cold and wet
forests in this ecoregion, fire exclusion has had only
localized effects on forest composition and

structure, primarily in dry mixed-conifer forest. o s 100k

e Indigenous fire use is a component of fire regimes —
and supported more frequent fire in some locations
prior to European colonization. Wet forests dominate the Cascades Ecoregion, with dry mixed
: conifer forest in the south and cold and moist mixed conifer
e Intensive _foreSt management has_ decreased early- forests at high elevations in the Cascades. Data Source: LANDFIRE

seral habitat and hardwood species abundance. Biophvsical Settings (BPS) 2020.

Managing Ecosystem Stressors
mmm) Drought-Related Decline and Mortality

Description Strategy Habitat
Warmer, drier conditions are reducing e Wet forests, especially tree species that are intolerant of
growth and contributing to mortality of low soil moisture.
drought-intolerant species, such as e Low elevation wet forest sites in the Cascades ecoregion
bigleaf maple (Betzen et al. 2021), are most vulnerable to this ecosystem stressor.
yellow-cedar (Mercer et al. 2022),
western hemlock (Bell et al. 2020), and M t Acti
western redcedar (Andrus et al. 2023). anagement Actions
Parasitic plants, e.g., dwarf mistletoe, e Monitor forest conditions for early detection of signs of
reduce vigor and intensify direct effects decline (Mercer et al. 2022).
of climatic stress on the growth and e Reducing mistletoe infection rates by removing infected
mortality of infected trees (Bell et al. trees or favoring non-host alternate species can slow
2020). Future warming and drought are the spread of infections, but these treatments can be

expected to accelerate these declines. expensive and may not always be ineffective.


https://www.landfire.gov/bps.php
https://www.landfire.gov/bps.php

Cascades

Forest Ecosystems

Managing Ecosystem Stressors

Description
Reburns can produce abrupt shifts in

Strategy Habitats
e Highly productive wet forests dominated by

forest structure and composition,
including transition to non-forest
vegetation, when they occur over
shortened intervals (Agne et al. 2022,
Hoecker & Turner 2022, Halofsky et al.
2020, Kleinman et al. 2019). In wet
forests in this ecoregion, past fires may
not reduce the likelihood or severity of
reburns due to rapid postfire
accumulation of live biomass (Halofsky
et al. 2020, Reilly et al. 2022). Reburns
can maintain or extend the longevity of
structurally complex early-seral habitats
characterized by high biodiversity (Reilly
et al. 2021) and they lengthen the time
required to reach mature late-seral
habitat conditions.

mmmmp Douglas-fir Beetle Outbreaks

Description

Douglas-fir beetle attacks stressed and
recently fallen trees and is more
common in forests affected by wind and
fire. It is unknown how climate change
will affect the Douglas-fir beetle directly,
but moisture stress is expected to
increase tree susceptibility to beetle
attacks (Agne et al. 2018). More fire and
heavier rain events may increase dead
and down Douglas-fir trees that attract
the beetle (Hudec et al. 2019).

fire-intolerant conifer species are vulnerable to
high-severity reburns.

This ecosystem stressor creates a tradeoff between
mature late-seral habitat and complex early seral
habitat, both important habitats for wildlife.

Management Actions
e Given the long fire return intervals characteristic of wet

forests in this region, suppression of wildfires is an
appropriate strategy to resist the effects of more
frequent human-caused ignitions and preserve
high-value mature forest habitat (Halofsky et al. 2018).
Fires in wet forests, particularly short-interval reburns,
provide opportunities to foster biodiversity and
increase landscape heterogeneity through maintenance
of early-seral habitats and hardwood species (Donato et
al. 2020).

Treating fuels to reduce small trees and ladder fuels
may be an appropriate adaptation strategy for forests
in more developed areas and to protect high-value
resources and properties (Halofsky et al. 2018).

Strategy Habitats
e Wet forests dominated by Douglas-fir, especially where

recent fire or wind events have disturbed the overstory
canopy, are susceptible to this ecosystem stressor.

e Late-seral Douglas-fir forests are a critical habitat for

wildlife in this ecoregion.

Management Actions
e Thinning to remove Douglas-fir host trees with low

resistance reduces competition and increases vigor of
remaining trees, which can assist forests to adapt to
more frequent Douglas-fir beetle outbreaks (Fettig et al.
2022).

Prompt and thorough applications of sanitation harvests
(i.e., removal of infested trees), insecticides and/or
semiochemicals (e.g., anti-aggregation pheromones) can
reduce mortality caused by current infestations and
protect individual high-value trees (Fettig et al. 2022).



Coast Range

Forest Ecosystems

State / Provincial boundaries
[ ] Coast Range
I Cold forest
B Wet forest

| Moist mixed conifer forest

Regional Description

This ecoregion receives substantial precipitation
and is dominated by highly productive wet forests.
Major tree species in wet forests include Sitka
spruce, Douglas-fir, western hemlock and western
redcedar. Historically, Sitka spruce dominated the
coast with western redcedar, western hemlock and
Douglas-fir present in inland areas. Fog is an
important climatic factor for redwood forests that
dominate the Californian portion of the ecoregion.

[T Dry mixed conifer forest

Dry warm forests & woodlands

Management Considerations

e Timber production is prominent. Many forests are
intensively managed with Douglas-fir plantations,
especially in the central portion of the ecoregion.

e Recreation and tourism are also prominent in
many coastal communities.

e Invasive species and land use change due to
development are management considerations for
climate adaptation in this ecoregion.

e The characteristic fire regime of wet forests is

50 100 km

high-severity, infrequent fire, so fire exclusion is
primarily a management consideration for only
the dry mixed conifer forests in the ecoregion.

Wet forests dominate the Coast Range Ecoregion, with dry mixed
conifer forest in the southern part of the ecoregion in Oregon
and California. Data Source: LANDFIRE Biophysical Settings (BPS)
2020.

Managing Ecosystem Stressors

mm) Sviss Needle Cast

Description

Swiss needle cast, a fungal plant
pathogen that causes foliage disease in
Douglas-fir. The disease reduces volume M t Acti
growth and productivity in Douglas-fir anagement Actions

plantations. Swiss needle cast is e Thin to remove trees with low disease tolerance (e.g.,
associated with warm winters and high sparse crowns, small sizes) increases resilience (Shaw et
spring and summer precipitation and al. 2021).

leaf wetness, so warmer winters are e Removal of Douglas-fir in severely affected Douglas-fir
expected to favor pathogen stands can yield better long-term resilience for western
development and increased disease hemlock (Shaw et al. 2021).

severity. The effects of hotter drier e Traditional silvicultural techniques used to reduce
summers on the pathogen are unclear, foliage disease (e.g., thinning and pruning) are not

but could decrease disease severity by effective at reducing Swiss needle cast within a
reducing leaf wetness (Agne et al. 2018). plantation (Shaw et al. 2021).

Strategy Habitat

e (oastal Douglas-fir and western hemlock forests,
especially Douglas-fir plantations


https://www.landfire.gov/bps.php
https://www.landfire.gov/bps.php

Coast Range

Forest Ecosystems

mmm) Yellow-cedar Decline

Description

Yellow-cedar growth is limited by warm
and dry winters that have lower than
average snowpack. Warmer winters in
recent decades appear to be
contributing to stress and decline of
yellow-cedar (Mercer et al. 2022).
Shallow roots of yellow-cedars are
especially susceptible to damage without
a persistent snowpack for insulation
(Comeau et al. 2019).

mmmmmp Douglas-fir Beetle

Description

Douglas-fir beetle, a native bark beetle,
feeds on vascular tissue of stressed
Douglas-fir and causes tree mortality.
Host resistance typically keeps beetle
populations at endemic levels, and small
diameter trees are rarely attacked.
Douglas-fir beetle is associated with
windthrow and drought events, as well
as localized areas of root disease.
Increased host tree stress from hotter
drier summers is expected to increase
outbreak severity (Agne et al. 2018).
Warmer winters may accelerate beetle
development (Agne et al. 2018).

Extreme Heat
Description

More frequent and intense heat waves
with climate change are expected to
increase forest exposure to extreme
heat (Thompson et al. 2022). The
summer 2021 PNW heat wave caused
foliar damage of tree canopies on more
than 90,000 ha. Coastal Douglas-fir and
western hemlock plantations had the
most extensive impacts (Still et al. 2023).
Phenological characteristics (e.g., date of
budburst), spatial position (e.g., aspect,
proximity to exposed edges), water
availability, and acclimation all
influenced tree susceptibility to scorch,
indicating variable vulnerability (Still et
al. 2023).

Managing Ecosystem Stressors

Strategy Habitats

e Mature temperate yellow-cedar rainforests have a
limited extent and provide critical wildlife habitat.

Management Actions

e Tree-level factors that confer resistance or
predisposition to yellow-cedar decline are unknown
(Comeau et al. 2019).

e Monitor forest conditions for signs of canopy dieback or
tree mortality as winters warm (Mercer et al. 2022).

Strategy Habitats
e Douglas-fir and western hemlock forests.

Management Actions

e Prevent outbreaks by thinning to remove trees with low
resistance, reduce competition and increase vigor of
remaining trees (Fettig et al. 2022).

e Suppress outbreaks with prompt and thorough
applications of sanitation harvests (i.e., removal of
infested trees), insecticides, or semiochemicals (e.g.,
anti-aggregation pheromones) to address current
infestations (Fettig et al. 2022).

Strategy Habitats

e Wet, cool coastal forests with later dates of budburst
(i.e., younger foliage at the time of heat events) are more
vulnerable to this stressor than warmer inland and
southern forests with earlier dates of budburst.

e Trees on south- and west-facing slopes and along
roadsides are especially vulnerable.

Management Actions

e Infrequent deep watering of trees in summer can reduce
moisture stress in developed areas.

e Selection of seed mixes with greater proportions of
drought-tolerant species and from drought-resistant
populations.

e Where acceptable, allow shifts in composition to species
more tolerant of warm and dry current and future
climate conditions (Andrus et al. 2024).



Eastern Cascades Foothills

Forest Ecosystems

Regional Description

This ecoregion is in the rain shadow of the Cascade
Mountains and experiences greater temperature
extremes and less precipitation compared to the
Cascade ecoregions to the west. At higher
elevations, moist mixed-conifer forests include
Douglas-fir, western larch, grand fir, white fir,
western redcedar, western hemlock. Dry
mixed-conifer forests of this region are dominated
by ponderosa pine with some Douglas-fir and
lodgepole pine. Dry forest and woodlands are
dominated by juniper with some oak.

Management Considerations

e Forest management practices, including high-grade
and selective harvest of large trees, as well as rural
residential development have reduced the extent of
dry forests dominated by ponderosa pine.

e Fire exclusion, including indigenous burning
practices, has caused fuel accumulation and shifted
the fire regime to larger, less frequent fires of
higher severity.

e Invasive grass species are altering fire regimes in
dry warm forests and woodlands.

mmm) |uniper Woodland Expansion

Description

Western juniper woodlands have
expanded into semiarid shrub-steppe
ecosystems (Miller et. al. 2000) during
warmer, wetter periods. Intensive
livestock grazing has reduced fine fuels
and the frequency of low-severity fire
that historically killed young juniper
trees. Continued expansion of juniper
with climate change depends on
precipitation changes. Less precipitation
in the growing season is expected to
decrease tree establishment and slow
expansion; more precipitation in warmer
winters is expected to facilitate
expansion (Halofsky et al. 2019.)

State / Provincial boundaries
[ ] Eastern Cascades
I cold forest
I Wet forest
[ Moist mixed conifer forest
j Dry mixed conifer forest
= Dry warm forests & woodlands

The Eastern Cascades Foothills Ecoregion has a diverse mix of
forests from moist mixed conifer forests at high elevations and in
the north of the ecoregion to dry warm forests & woodlands to
the south of the ecoregion in Oregon. Data Source: LANDFIRE
Biophysical Settings (BPS) 2020.

Managing Ecosystem Stressors

Strategy Habitat

e Warmer, drier shrub-steppe ecosystems in the region
are more vulnerable to juniper expansion than are
wetter and colder upland shrub ecosystems (Miller et al.
2013).

Management Actions

e Reduce the invasion of nonnative annual grasses that
alter fire regimes.

e Mechanical fuel reduction treatments, grazing
management, and prescribed fire can be used to
reintroduce low severity fire and slow the expansion of
juniper woodlands.


https://www.landfire.gov/bps.php
https://www.landfire.gov/bps.php

Forest Ecosystems

Description

With fire exclusion, mixed-conifer forests
have experienced increases in stand
density and greater vertical and
horizontal continuity of fuels relative to
natural variability. Because of these
altered fuel profiles, fire severity and
extent have increased, though many of
these forests are still in a contemporary
fire deficit (Donato et al. 2023, Haugo et
al. 2019). More frequent and severe fire
in a warmer, drier climate is expected to
further increase tree mortality in large,
high-severity patches (Hagmann et al.
2022).

Description
The compounding effects of low soil

water availability and fires that burn with

large, high-severity patches make dry
mixed-conifer forests in this ecoregion
vulnerable to potential conversion to
grass- or shrub- dominated ecosystems
(Coop et al. 2020). Following
high-severity fire, recovery of forests is
expected to be limited by a combination
of low seed availability within large burn
patches with limited seed sources (Davis
et al. 2020), warm and dry post-fire
climatic conditions (Davis et al. 2019),
and short-interval reburns that limit tree
regeneration (Hagmann et al. 2022).

Eastern Cascades Foothills

Managing Ecosystem Stressors

mmm) Altered Fire Regimes

Strategy Habitats

e Habitats especially vulnerable to this ecosystem

stressor are dry and moist mixed-conifer forests where
fire has been excluded causing an increase in
shade-tolerant species and a decrease in fire- and
drought-resistant species (e.g., ponderosa pine and
western larch) (Hessburg et al. 2022).

Management Actions

mmmmmp Shifts to Non-Forest Vegetation

Restore natural fire regimes and reduce fuels using
stand density management and prescribed and cultural
burning to promote frequent low-intensity fire
(Hessburg et al. 2022).

Use managed wildfire to restore forest structure and
frequent low-severity fire by reducing fuel loads,
increasing spatial heterogeneity, and promoting survival
of large fire-resistant individuals (Laughlin et al. 2023).
Strategically plant trees postfire, prioritizing cool moist
microsites and drought-tolerant species and genotypes
to restore species composition (Halofsky et al. 2020).

Strategy Habitats

Dry mixed-conifer forests have open canopies and lower
biomass than mixed-conifer forests in areas with cooler
climates and more precipitation.

Vulnerable habitats include dry mixed-conifer forests at
low elevations and on south-facing aspects, also called
“trailing edge forests”, where conifer regeneration after
fire is limited by water availability (Meigs et al. 2023).

Management Actions

Implement density- and fuel-reduction treatments that
increase resistance to drought and fire via reduced
competition and increased tree vigor (Meigs et al. 2023).
Adjust re-planting approaches to prioritize lower
densities of drought-tolerant species arranged spatially
using the ICO (i.e., individual trees, clumps, and
openings) pattern (North et al. 2019).

Accept conversion to non-forest vegetation at sites
where reforestation is unlikely to be successful due to
forest type, topographic setting, and burn patch size
(Meigs et al. 2023).

Plant drought-tolerant non-conifer species (e.g., oak,
native shrubs and grasses) to direct vegetation
transitions to more drought- and fire-resistant structure
and composition Meigs et al. 2023).



Idaho Batholith

Forest Ecosystems

Regional Description

Climate in this ecoregion is only marginally
maritime influenced, less so than the Rocky
Mountain ecoregions. The Idaho Batholith is
dominated by cold and mixed-conifer forests. Major
tree species in cold forests are Engelmann spruce
and subalpine fir (minor components of whitebark
pine, mountain hemlock, subalpine larch, quaking
aspen). Major tree species in moist mixed-conifer
forests are grand fir, Douglas-fir, lodgepole pine
and western larch. Western hemlock is absent and
western redcedar is limited to the north. Ponderosa
pine and Douglas-fir are the major tree species in
dry mixed-conifer forests.

Management Considerations

e Timber harvest, grazing and recreation are the
major land uses in the Idaho Batholith ecoregion
with extensive areas designated as wilderness.

e Soils in forested areas are droughty with limited
nutrients and fertility; declining anadromous fish
runs have further reduced nutrients.

m) Five-needle Pine Mortality

Description

Whitebark pine and other five-needle
pines are experiencing decline across
their range. These species are expected
to be especially vulnerable to climate
change as warming exacerbates existing
stressors, including interspecific
competition, white pine blister rust and
mountain pine beetle outbreaks
(Halofsky et al. 2018c). Declines in
whitebark pine may have cascading
effects on animal species that rely on its
seeds as a major food source (e.g.,
Clark's nutcracker, grizzly bear, black
bear) (Tomack et al. 2022).

State / Provincial boundaries
[__] 1daho Batholith
B Cold forest
B Wet forest
[ Moist mixed conifer forest
|:| Dry mixed conifer forest

I Dry warm forests & woodlands

The Idaho Batholith is dominated by cold and mixed-conifer forests.
Data Source: LANDFIRE Biophysical Settings (BPS) 2020.

Managing Ecosystem Stressors

Strategy Habitat

e Rare and relic populations of whitebark pine, limber
pine, and mountain hemlock are especially vulnerable
to loss from biotic and abiotic disturbances that are
favored in a warmer climate.

e Whitebark pine is a critical food source for wildlife
species and contributes to the character of
high-elevation forests.

Management Actions

e Plant genetically resistant seedlings to promote blister
rust resistance (Halofsky et al. 2018c).

e Enhance natural regeneration to maintain genetic
diversity of whitebark pine populations (Six et al. 2021,
Six et al. 2018).

e Prioritize restoration of sites that are less likely to be
affected by climate change (i.e., refugia) to increase
likelihood of restoration success (Halofsky et al. 2018c).


https://www.landfire.gov/bps.php

Idaho Batholith

Forest Ecosystems

Description

As warming enhances insect population
growth and range expansion into higher
elevation forests, more frequent and
extensive insect outbreaks are expected
to increase mortality of host tree species
(e.g., lodgepole pine, Engelmann spruce,
western white pine, whitebark pine, and
subalpine fir) (Fettig et al. 2022; Halofsky
et al. 2018). Spatial and temporal
co-occurrence of outbreaks by multiple
bark beetle species — including
mountain pine beetle, spruce beetle,
and western balsam bark beetle — and
other stressors (e.g., white pine blister
rust; Six et al. 2018) may limit forest
recovery and promote shifts towards
non-forest vegetation by removing
multiple host tree species (Harvey et al.
2023).

mmmm) Changing Fire Regimes

Description

Fire occurrence and extent are expected
to increase with warming as earlier
snowmelt reduces fuel moisture and
lengthens the window of flammability
across large areas (Alizadeh et al. 2021).
Shortened fire intervals may impede
forest recovery when the timing
between stand-replacing fires is
insufficient for trees to mature and
produce seed, reducing regeneration
and potentially leading to shifts in forest
structure and composition (e.g., range
expansion of aspen; Nigro et al. 2022),
including loss of forest area (Campbell
and Shinneman 2017, Hood et al. 2021).

Managing Ecosystem Stressors

- Large-scale Bark Beetle Outbreaks

Strategy Habitat

e Subalpine cold forests at high elevations are vulnerable
to bark beetle outbreaks in a warmer climate due to
short growing seasons and slow recovery times.

e Five-needle pines will be particularly vulnerable to
beetle attack where existing infection by the invasive
fungal pathogen that causes white pine blister rust is
severe (Six et al. 2021, Tomback et al. 2022).

Management Actions

e Increase species, genetic, and landscape structural
diversity to reduce risk of forest cover loss (Halofsky et
al. 2018).

e Thin trees to remove host trees with low resistance and
to reduce competition and increase vigor of remaining
trees (Fettig et al. 2022). This approach may not be
appropriate for all tree species (e.g., whitebark pine;
Six et al. 2021).

e Promptly and thoroughly apply sanitation harvests
(i.e., removal of infested trees), insecticides and/or
semiochemicals (e.g., anti-aggregation pheromones)
to limit current infestations and protect individual
high-value trees (Fettig et al. 2022).

Strategy Habitat

e Subalpine cold forests at high elevations are vulnerable
to altered fire regimes in a warmer climate due to short
growing seasons and slow recovery times.

e Five-needle pine species will be particularly vulnerable to
fire-caused damage and mortality where existing
infection by the invasive fungal pathogen that causes
white pine blister rust is severe (Loehman et al. 2018).

Management Actions

e Protect fire refugia and persistence of fire-sensitive
species (Halofsky et al. 2018a, Keane et al. 2018).

e Suppress fire around culturally important and high-value
resources to resist climate- and fire-driven vegetation
change (Hoecker and Turner 2022).

e Use assisted migration of drought- and fire-adapted
native tree species to enhance resilience to altered
disturbance regimes with (Hoecker and Turner 2022).

e Selectively re-plant where populations are declining and
prioritize multiple genotypes and species to enhance
forest resilience to altered disturbance regimes by
(Halofsky et al. 2018, Keane et al. 2018).



Klamath Mountains

Forest Ecosystems

Regional Description

Topography of this ecoregion is dissected ridges,
foothills, and valleys of the Klamath and Siskiyou
mountains, with substantial relief. The climate is
mild, characterized by lengthy summer drought.
Dry mixed-conifer forests and dry warm forests and
woodlands dominate the ecoregon, with some
moist mixed-conifer forest. Oregon white oak,
tanoak, and black oak (to the south) are common
hardwoods in the dry-mixed conifer forests and dry
warm forests and woodlands. Common conifer
species include ponderosa pine, Douglas-fir, sugar
pine, incense-cedar, white fir and red fir.

Management Considerations

e Habitat has been converted to agriculture,
urbanization, and development in rural areas with
extensive population growth.

e Fire exclusion, including indigenous burning, has
caused fuel to accumulate in dry mixed conifer
forests and dry warm forests and woodlands
which had frequent low-severity fire historically.

e The ecoregion includes large areas of federally
land managed primarily for recreation.

Description

Projected increases in aridity and more
frequent and severe fire are expected
to reduce post-fire forest recovery by
reducing conifer recruitment (Tepley et
al. 2017). Dry areas of the ecoregion
may exceed a threshold for which
intervals between severe fires are too
short to allow for conifer recruitment
(Agne et al. 2022). Post-fire
regeneration is expected to be low in
patches of high-severity fire where seed
sources are limited. The vulnerability of
conifer forests to conversion to shrub
or grass-dominated systems is
expected to increase.

mmmm) Shift to Non-Forest Vegetation

State / Provincial boundaries
:I Klamath Mountains
I cold forest
B et forest
D Moist mixed conifer forest
7] Dry mixed conifer forest
| | Dry warm forests & woodlands

The Klamath Mountains Ecoregion is dominated by dry
mixed-conifer forests and dry warm forests and woodlands. Data
Source: LANDFIRE Biophysical Settings (BPS) 2020.

Managing Ecosystem Stressors

Strategy Habitat

e Dry mixed-conifer forests dominated by conifers are
especially vulnerable to vegetation type conversion.

Management Actions

e Accept conversions to non-forest vegetation where
reforestation success is unlikely. Post-fire patches of
deciduous trees and shrubs slow conifer forest
recovery, but provide early-seral habitat that
contributes to landscape heterogeneity and
biodiversity consistent with ecological management
objectives (Tepley et al. 2017).

e Prioritize replanting in areas with greater chance of
reforestation success to accelerate conifer recovery
after high-severity fire and prevent conversion to
non-forest (Tepley et al. 2017).


https://www.landfire.gov/bps.php

Klamath Mountains
Forest Ecosystems

Description
Douglas-fir mortality in the Klamath

Strategy Habitat
e Habitats especially vulnerable to this ecosystem

Mountains ecoregion has increased in
recent decades due to interacting
climatic conditions and bark beetle (e.g.,
flatheaded fir borer) disturbances
(Bennett et al. 2023), with harsh site
conditions predisposing trees to
mortality. Drought has been identified as
an “inciting” factor for this recent
mortality. Flatheaded fir borer, a native
bark beetle, contributes to mortality on
predisposed hot and dry sites.
Flatheaded fir borer is expected to be an
increasingly important disturbance
agent in this ecoregion as drought
frequency and severity increase with
climate change (Agne et al. 2018).

Sudden Oak Death

Description

Sudden oak death is a non-native protist
pathogen that currently occurs in tanoak
vegetation in coastal Oregon and
California. Black oak and tanoak may
become more susceptible to sudden oak
death with climate change, constraining
oak survival and regeneration and
driving changes in canopy cover and
vegetation composition (Swiecki and
Bernhardt 2016). Warmer, wetter
springs favor the expansion of sudden
oak death eastward in the region
(Standiford and Purcell 2015).

stressor are Douglas-fir forests on harsh, dry sites at
low elevations. These are sites where Douglas-fir was
rare historically but the species has increased in
abundance with fire exclusion.

Management Actions
e Thin less vigorous Douglas-fir trees on more favorable

sites (low climatic water deficit) to retain more vigorous
trees and increase resistance to flatheaded fir borer in
the short to medium term (Bennett et al. 2023).
Thinning Douglas-fir trees on harsh sites (high climatic
water deficit) to remove declining trees can shift stand
composition towards more drought and fire-resistant
species (e.g., ponderosa pine and oaks) and mitigate
fuel accumulation associated with Douglas-fir mortality
(Bennett et al. 2023).

Strategy Habitat
e Oak woodlands are vulnerable to biotic and abiotic

ecosystem stressors associated with a warmer climate.
Mixed-conifer forests are vulnerable to conversion to
woodlands as oak species expand with hotter, drier
conditions and more frequent high-severity fire that
reduces conifer recruitment and promotes persistence
of resprouting deciduous species.

Management Actions
e Prevent sudden oak death establishment through

careful inspection of transported material including
nursery stock, plant material and soil (Swiecki and
Bernhardt 2016).

Early detection with extensive monitoring can confine
new, small infection areas (Filipe et al. 2012).

Local containment of infection severity and spread via
removal of infected host material and surrounding hosts
can prevent spread (Filipe et al. 2012).



North Cascades

Forest Ecosystems

Regional Description

This ecoregion has distinct forests east and west of
the Cascade Mountains. The western portion is
dominated by wet and cold forests. Major tree
species in wet forests include Douglas-fir, western
hemlock, red alder and western redcedar. Major
tree species in cold forests include mountain
hemlock, Pacific silver fir, subalpine fir and
whitebark pine. The eastern portion of the
ecoregion is dominated by cold and mixed-conifer
forests. Major tree species in eastern cold forests
include subalpine fir, Engelmann spruce and
subalpine larch. Major species in dry mixed-conifer
forests include ponderosa pine, Douglas-fir and
western larch.

State / Provincial boundaries
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The North Cascades Ecoregion has cold dry forests to the North
and at high elevations, wet forests on the western slopes of the
Cascade mountains and dry mixed conifer forests on the eastern
slopes. Data Source: LANDFIRE Biophysical Settings (BPS) 2020.

Management Considerations

e Much of the ecoregion is publicly owned land, including large areas of National Parks and wilderness.
e Dominant land uses are forestry, recreation, and conservation, which provide opportunities to manage

forests for climate adaptation and resilience.

e Whitebark pine in the North Cascades ecoregion has suffered major population declines due to white pine

blister rust caused by a nonnative fungus.

Description

Suitable habitat for mountain pine
beetle is expected to expand to higher
elevations with warming (Fettig et al.
2022), increasing vulnerability of
whitebark pine to insect-caused
mortality. Historically, the climate in the
range of whitebark was too cold to
sustain mountain pine beetle
populations. Recent increases in
mortality of whitebark pine can be
attributed to the interacting effects of
mountain pine beetle, white pine blister
rust, and changes in fire regimes
(Rochefort et al. 2018).

Managing Ecosystem Stressors
‘ mmm) High-elevation Expansion of Mountain Pine Beetle

Strategy Habitat

e Whitebark pine is a critical food source for wildlife
species and contributes to the character of
high-elevation forest, but is highly sensitive to warming
because of its narrow climatic niche.

e Whitebark pine forests at high elevations on peaks and
ridges are especially vulnerable to upward expansion of
mountain pine beetles.

Management Actions

e Plant seedlings selected for resistance to white pine
blister rust to reduce species vulnerability to multiple
stressors (Six et al. 2021, Six et al. 2018).

e Use insecticides or semiochemicals (e.g.,
anti-aggregation pheromones) to limit outbreaks and
protect individual high-value trees (Fettig et al. 2022).



https://www.landfire.gov/bps.php

North Cascades
Forest Ecosystems

Description

Cold forests in the alpine ecotone are
sensitive to warming and associated
declines in spring snowpack and the
duration of snow cover. Higher
temperatures and a longer growing
season are expected to relax climatic
constraints on subalpine tree growth
and establishment, enabling cold forest
species to expand up in elevation.
However, competition and range
expansion of other species at the
low-elevation ecotone of cold forests are
expected to reduce total area suitable
for subalpine forests (Rogers et al. 2011).
More severe fire, especially large
patches of high-severity fire, have the
potential to limit regeneration of
subalpine tree species, but currently
post-fire regeneration appears to be
resilient, especially when fire is followed
by climatic conditions favorable for
regeneration (Littlefield 2019).

mmmmp Changing Fire Regimes
Description

In mixed-conifer forests, stand density
and the vertical and horizontal fuel
continuity has increased relative to
natural variability due to more than a
century of fire exclusion. These altered
fuel profiles have increased fire severity
and extent, though many mixed-conifer
forests are in a contemporary fire deficit
(Donato et al. 2023, Haugo et al. 2019).
More frequent and severe fire in a
warmer, drier climate is expected to
further increase tree mortality, fire
extent, and the size of high-severity
patches (Hagmann et al. 2022).

Strategy Habitats

Alpine meadows, iconic ecosystems valued for wildlife
habitat and aesthetics, are highly sensitive to tree
encroachment and vegetation type conversion with
warming.

Growth and productivity of species in subalpine forests,
such as subalpine larch and whitebark pine, are limited
by temperature and therefore highly sensitive to
warming (Case and Lawler 2016).

Management Actions

Management actions dependent on social and
ecological objectives.

For locations where subalpine meadows and associated
plant species are desired, resistance strategies can be
used, such as mechanical removal and prescribed
burning, to maintain subalpine meadows.

In other locations, upward expansion of cold forests can
compensate for subalpine forest habitat losses at lower
elevations or due to high-severity fire.

Strategy Habitats

Dry and moist mixed-conifer forests, especially where
fire has been excluded increasing the dominance of
shade-tolerant species and decreasing cover of
fire-resistant, shade-intolerant species (Hessburg et al.
2022).

Management Actions
e Restore the natural role of fire using mechanical

treatments to reduce fuel and prescribed and cultural
burning to promote frequent low-intensity fire
(Hessburg et al. 2022).

Manage wildfire to restore forest structure and frequent
low-severity fire by reducing fuel, increasing spatial
heterogeneity, and promoting survival of large
fire-resistant individuals (Laughlin et al. 2023).
Strategically plant trees post-fire, prioritizing cool moist
microsites and drought-tolerant species and genotypes
to restore species composition (Halofsky et al. 2020).



Rocky Mountains

Forest Ecosystems

Regional Description

The Rocky Mountain ecoregions (Northern, Middle
and Canadian Rockies) are rugged and
topographically diverse. The region is dominated by
cold and moist mixed-conifer forests. Major tree
species in cold forests include subalpine fir,
Engelmann spruce and lodgepole pine with minor
components of whitebark pine, limber pine,
subalpine larch, mountain hemlock,and quaking
aspen. Major tree species in moist mixed-conifer
forests include western hemlock, western redcedar,
Douglas-fir, lodgepole pine and grand fir. Major
tree species in regional dry mixed-conifer forests
include ponderosa pine and Douglas-fir.

Management Considerations

e The ecoregion includes large areas of functionally
intact ecosystems in public management.

e Western white pine was once common but has
been greatly reduced by white pine blister rust,
timber harvest, and fire exclusion.

e Whitebark pine has suffered major declines due to
white pine blister rust.

Description

Changes in fuel structure and availability
have increased vulnerability of
mixed-conifer forests to high severity
fire (Higuera et al. 2015). Following
high-severity fire, forest recovery is
expected to be limited by low seed
availability in large burn patches far
from live seed sources (Davis et al. 2020)
and warm, dry climatic conditions (Davis
et al. 2019). These conditions increase
the likelihood of regeneration failure
and shifts in vegetation (Hankin et al.
2019, Kemp et al. 2019), including
conversion to grass- or shrub-
ecosystems (Hoecker et al. 2023).

State / Provincial boundaries
|:| Rocky Mountain ecoregions
- Cold forest
B Wet forest
:| Moist mixed conifer forest
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A

0 50 100 km
| |

Cold and moist mixed-conifer forests dominate the Rocky
Mountain Ecoregions with areas of dry mixed-conifer forest at

low elevations. Data Sources: LANDFIRE Biophysical Settings (BPS)

2020 in the US. Biogeoclimatic Ecosystem Classification (BEC)
Program in British Columbia, Canada.

Managing Ecosystem Stressors

m— Shifts to Non-Forest Vegetation

Strategy Habitat

e Mixed-conifer forests where fire exclusion has increased
the dominance of fire-intolerant conifers species.

e Low-elevations of the forest range (Higuera et al. 2015) or
“trailing edge forests” (Parks et al. 2019) are especially
vulnerable to this stressor.

Management Actions

Plant drought-tolerant species post-fire based on
biophysical and microsite conditions (Keane et al. 2018).
Restore forest structure and reintroduce fire via density-
and fuel-reduction treatments (Keane et al. 2018) or
managed wildfire (Hessburg et al. 2021).

e Accept shifts to non-forest vegetation where aligned with
topo-edaphic spatial patterns (e.g., south-facing slopes)
and ecosystem functions in a warmer climate (Hessburg
et al. 2021).


https://www.landfire.gov/bps.php
https://www.landfire.gov/bps.php
https://www.for.gov.bc.ca/hre/becweb/resources/maps/CurrentVersion.html
https://www.for.gov.bc.ca/hre/becweb/resources/maps/CurrentVersion.html

Rocky Mountains

Forest Ecosystems

Strategy Habitat

e Subalpine forests are especially vulnerable to altered fire regimes and large-scale bark beetle outbreaks
due to short growing seasons and slow recovery times.

e Five-needle pine species are especially vulnerable to fire-caused damage and mortality in areas, and in
individuals, where existing infection by the invasive fungal pathogen that causes white pine blister rust is
severe (Loehman et al. 2018).

Managing Ecosystem Stressors

- Changing Fire Regimes

Description Management Actions

Fire frequency and extent are expected e Protect fire refugia and persistence of fire-sensitive

to increase with warming and earlier species (Halofsky et al. 2018a, Keane et al. 2018).
snowmelt that reduce fuel moisture and e Suppress fire around culturally important and
lengthen the window of flammability high-value trees to resist climate- and fire-driven
(Alizadeh et al. 2021, Loehman et al. vegetation change (Hoecker and Turner 2022).

2018) in this ecoregion. Shorter fire e Enhance forest resilience to altered disturbance
intervals impede forest recovery when regimes by undertaking assisted migration of drought-
the time between stand-replacing fires is and fire-adapted native tree species (Hoecker and
insufficient for trees to mature and Turner 2022).

produce seed (Hoecker and Turner e Enhance forest resilience to altered disturbance
2022), reducing regeneration and regimes by selectively planting where five-needle pine
leading to shifts in species composition populations are declining and prioritizing multiple
(e.g., range expansion of aspen; Nigro et genotypes and species (Halofsky et al. 2018a, Keane et
al. 2022), and loss of forests (Turner et al. 2018).

al. 2019, Hood et al. 2021).

‘ — Large-Scale Bark Beetle Outbreaks

Description Management Actions

More frequent and extensive bark beetle e Increase species, genetic, structural, and seral-stage
outbreaks will increase mortality of host diversity across large areas to reduce the risk of forest
tree species (e.g., lodgepole pine, habitat loss (Halofsky et al. 2018a).

Engelmann spruce, Douglas-fir, and e Thin competing species or remove host trees with low
subalpine fir) as warming enhances resistance to reduce competition and increase vigor of
beetle population growth and range remaining trees (Fettig et al. 2022a). This approach may
expansion into higher elevation habitat not work for all species (Six et al. 2021).

(Fettig et al. 2022a, Loehman et al. 2018). e Apply prompt and thorough sanitation harvests (i.e.,
Spatial and temporal co-occurrence of removal of infested trees), insecticides or

outbreaks by multiple bark beetle semiochemicals (e.g., anti-aggregation pheromones) to
species — including mountain pine reduce current infestations and protect high-value trees
beetle, spruce beetle, Douglas-fir beetle, (Fettig et al. 2022a), particularly whitepark pine trees
and western balsam bark beetle — and known to be resistant to blister rust.

other stressors (e.g., white pine blister
rust; Six et al. 2018, Tomback et al. 2022)
may limit forest recovery and promote
species shifts towards non-forest
vegetation (Harvey et al. 2023b).



Puget Lowlands

Forest Ecosystems

Regional Description

The Puget Lowlands ecoregion includes wet forests
and dry warm forests and woodlands. Major tree
species in regional wet forests include Douglas-fir,
western hemlock, red alder, western redcedar,
bigleaf maple and grand fir. Major tree species in
regional dry warm forests and woodlands of this
ecoregion include Oregon white oak, black oak,
Douglas-fir, grand fir and Pacific madrone.

Management Considerations

e This ecoregion is heavily developed and contains
75% of the population of Washington State.

e Development and transportation corridors have
caused widespread habitat loss and
fragmentation.

e Fire exclusion, due in part to the removal of
Indigenous peoples and their traditional burning
practices, has contributed to conifer
encroachment and the decline of dry warm forests
and woodlands.

Description

Oak woodlands in this ecoregion have
been in decline over the last century due
to fire exclusion, removal of Indigenous
peoples and their burning practices,
conifer encroachment, development and
other widespread changes in land use.
Oak species in the woodlands of this
Puget Lowlands ecoregion are
vulnerable to climate change due to high
sensitivity to changing disturbance
regimes (e.g., more severe fire), low
adaptive capacity (e.g. limited dispersal
ability due to land-use change and short
annual dispersal distance), and
vulnerability to invasive pathogens (e.g.,
sudden oak death) (Case and Lawler
2016, Long et al. 2018).

State / Provincial boundaries
[:] Puget Lowlands
- Cold forest
- Wet forest
[ Moist mixed conifer forest
D Dry mixed conifer forest

Dry warm forests & woodlands

Wet forests dominate the Puget Lowlands Ecoregion, with dry
warm forests and woodlands at the lowest elevations.

Data Sources: LANDFIRE Biophysical Settings (BPS) 2020 in the US
Biogeoclimatic Ecosystem Classification (BEC) Program in BC.

Managing Ecosystem Stressors

‘ Shift to Non-Forest Vegetation

Strategy Habitat

e QOak species, specifically Oregon white oak and Pacific
madrone, in woodlands in drier areas of the Puget
Lowlands ecoregion are more vulnerable.

e Oak woodland habitat provides unique cultural and
ecological benefits and supports biological diversity.

Management Actions

e Restore natural fire regimes using managed wildfire (i.e.,
allowing wildfires to burn under moderate weather
conditions) or mechanical removal of conifer species to
help maintain oak woodland habitat (Long et al. 2018,
Prichard et al. 2021).

e Use managed wildfire, prescribed fire, and cultural
burning to reduce fuels and promote frequent
low-intensity fire (Long et al. 2018).



https://www.landfire.gov/bps.php
https://www.for.gov.bc.ca/hre/becweb/resources/maps/CurrentVersion.html

Puget Lowlands
Forest Ecosystems

Description

Bigleaf maple is thought to have low
vulnerability to climate change because
of overall low sensitivity to expected
changes in the climate and high adaptive
capacity (Case and Lawler 2016).
However, recent declines in bigleaf
maple in parts of its range suggest it
may be more vulnerable than previously
thought (Betzen et al. 2021). Bigleaf
maple is showing evidence of decline
(loss of vigor, loss of transpiration,
reduced photosynthesis, leaf loss) that
has been associated with warmer
summers, in combination with
development and urbanization (Betzen
et al. 2021). These abiotic stressors are
killing trees directly or predisposing
trees to biotic agents.

mmmmp \\estern Redcedar Dieback

Description

Western redcedar is adapted to the
moderate climate of the puget Lowlands
ecoregion. Mortality rates of western
redcedar in parts of its range have
increased in the last decade. Reduced
radial growth is associated with an
anomalously warm May and June that
lengthens the typical dry summer season
(July-September), and mortality tends to
follow four to five years of declining
radial growth. A warming climate with
more frequent and severe drought is
expected to increase vulnerability of
western redcedar to canopy dieback
and mortality (Andrus et al. 2024).

Strategy Habitat

e As one of only a few hardwood species in wet forests

primarily dominated by conifer species, bigleaf maple
contributes to forest heterogeneity and habitat
diversity for wildlife species.

Habitats that are especially vulnerable and affected by
this ecosystem stressor include bigleaf maple forests
growing in warm and dry areas, and close to roads and
developed sites (Betzen et al. 2021).

Management Actions

In developed and urbanized areas, use infrequent deep
watering of trees in summer to reduce moisture stress
and prevent the loss of high-value individuals.

Strategy Habitat

Western redcedar is a critical species because of its
cultural, ecological, and economic importance in the
region. The species contributes to wildlife habitat,
especially in mature stands which are highly
fragmented across the ecoregion by development.
Habitats that are especially vulnerable and affected by
this ecosystem stressor include trees in developed
areas and coastal populations that are less tolerant of
and adapted to drought.

Management Actions

In developed and urbanized areas, use infrequent deep
watering of trees in summer to reduce moisture stress
and prevent the loss of high-value individuals.

Increase the resilience of coastal populations of
western redcedar with assisted population migration
via selection of seeds from interior populations that are
more tolerant and adapted to drought and resistant to
canopy dieback (Andrus et al. 2024).

Allow shifts in composition towards species that are
more tolerant of warm and dry climatic conditions
(e.g., Douglas-fir) where acceptable for management
and habitat objectives (Andrus et al. 2024).



Willamette Valley

Forest Ecosystems

Regional Description

The Willamette Valley ecoregion receives less
precipitation than the Coast Range to the west and
and the Cascades to the east and has much less
relief, leading to dry warm forests and woodlands
as the dominant forest. Major tree species in dry
warm forests and woodlands include Oregon white
oak (north), California Black Oak (south), Pacific
madrone and Douglas-fir, with minor components
of Oregon ash, bigleaf maple, black cottonwood
and red alder in riparian areas.

Management Considerations

e Following Euro-American colonization, more than
95% of native oak woodlands have been lost and
many remaining woodlands are declining due to
urbanization and development, conversion to
agriculture, conifer encroachment, exclusion of
indigenous burning practices, and invasives.

e As attractive areas for development, the potential
for further habitat fragmentation and land use
conversion is likely in regional woodlands.

e Warmer, drier conditions are favorable for future
expansion of oak woodlands, but habitat
fragmentation and altered fire regimes make them
highly sensitive to climate change.

State / Provincial boundaries
[ ] willamette Valley
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Dry warm forests and woodlands are the dominant forest type,
but development and agriculture substantially reduced forest
area. Data Source: LANDFIRE Biophysical Settings (BPS) 2020.

Oak Woodlands

e Oak woodlands are an important habitat throughout
the ecoregion.

e They are distributed in small remnant patches and
provide important habitat for many threatened,
vulnerable, and at risk wildlife species.

e Large and very large hardwood trees are especially
important habitat and provide nesting cavities for
birds (Long et al. 2018).

e These critical habitats are vulnerable to ecosystem
stressors associated with land management practices
and a warming climate.

e e
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Willamette Valley Oregon White Oak. Photo by Tracy Robillard
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Willamette Valley

Forest Ecosystems

mmmn) Sudden Oak Death

Description

Black oak and tanoak in the region may
become more susceptible to sudden oak
death, reducing oak survival and
regeneration and driving changes in
canopy cover and vegetation
composition. Sudden oak death is a
non-native protist pathogen that
currently occurs in tanoak vegetation in
coastal Oregon and California (Swiecki
and Bernhardt 2016). Warmer, wetter
springs favor the expansion of sudden
oak death eastward in the region
(Standiford and Purcell 2015).

mmmmp Invasive Annual Grasses

Description

Invasive annual grasses (e.g.,
cheatgrass), facilitated by cattle
overgrazing, have replaced native
perennial grasses and compete for soil
moisture with oak seedlings. This limits
the capacity of oak woodlands to adapt
to a changing climate and disturbance
regimes (Copes-Gerbitz et al. 2017).

Conifer Encroachment

Description

Removal of Indigenous burning
practices, fire exclusion, and timber
production have facilitated
encroachment by shade-tolerant
conifers (e.g., Douglas-fir) into oak
woodlands (Copes-Gerbitz et al. 2017).
Greater tree density and elevated fuel
loads contribute to decreasing habitat
area and increase drought sensitivity of
mature oaks that must compete with
conifers for limited soil moisture
(Beckmann et al. 2021). More frequent
fire may reduce conifer encroachment
and favor expansion of oak woodlands,
but high-severity fire due to fuel
accumulation can increase oak mortality
(Long et al. 2018)

Managing Ecosystem Stressors

Management Actions
e Prevent sudden oak death establishment through

careful inspection of transported material, including
nursery stock, plant material and soil (Swiecki and
Bernhardt 2016).

Detect new and small infected areas early with
extensive monitoring (Filipe et al. 2012).

Contain infection severity and spread via removal of
infected host material and surrounding hosts as a
preventative buffer (Filipe et al. 2012).

Management Actions
e Enhance native plant communities and protect legacy

trees through site preparation, planting, and seeding
activities (Halofsky et al. 2022).

Prevent annual grass invasion through early detection
and rapid response with direct eradication treatments
(e.g., herbicides) (Halofsky et al. 2022).

Reduce grazing practices that facilitate spread of
invasive annual grasses (Halofsky et al. 2022).

Management Actions
e C(lear conifers from near hardwood crowns or restrict

planting of conifers to further from hardwood trees
(Long et al. 2018).

Establish new oak woodlands in areas that become
more suitable as the climate warms (Long et al. 2018).
Restore fire at higher frequency and reduced fuel loads
(e.g., prescribed fire, thinning) to maintain mosaics of
trees, shrubs, and grasses (Long et al. 2018).

Guide management actions with traditional knowledge
used to promote large hardwoods (Long et al. 2018).



CLIMATE ADAPTATION:

Forest Ecosystems

Overview

Most climate adaptation strategies for forest
ecosystems are based on the theory of ecological
silviculture and management, which recognizes change
and variability as integral to natural ecosystems. These
practices, developed to maintain ecosystem function
and process with change and variability, are relevant for
managing climate change impacts even if their
effectiveness for minimizing climatic stressors has not
been tested explicitly (Peterson et al. 2011).

Climate adaptation strategies can be categorized using
the Resist Accept, Direct (RAD) Framework (Schuurman
et al. 2020). Resistance strategies maintain species and
habitats in their current conditions. Acceptance
strategies involve little intervention, and allow ecological
changes to take place. Strategies that direct ecological
change typically include interventions that encourage
less negative, or even desirable, changes to species and
habitats. Appropriate adaptation strategies for any
forest depend on the desired outcomes and future
objectives, the magnitude of exposure to climate
change, and the extent to which human-induced
stressors have altered ecosystem function and
structure.

Fall colors are vibrant at Jug Creek in the Caribou-Targhee National
Forest. Photo Credit: USDA Forest Service.
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Adaptation Options

WHAT IT MEANS: Protect subalpine forests and
species in place to resist loss of rare and critical
species and habitats that are highly vulnerable to
climate change. Strategies include:

e |dentifying potential refugia for vulnerable
subalpine species.

e Breeding and planting pathogen-resistant seed
stock after disturbance, such as whitebark
pine resistant to white pine blister rust.

e Thinning and burning mixed-conifer forests
adjacent to subalpine forests to buffer these
forests from the spread of high-severity fire.

WHY IT WORKS: Subalpine conifers are
vulnerable due to narrow climatic niches,
competition from low-elevation conifers, more
virulent insects and pathogens, and limited
migration potential. Although a warmer climate is
expected to increase tree growth in these forests,
upslope migration of subalpine species is limited
by harsh environments where topographic and
edaphic controls and short-term climatic
variability prevent seedling establishment.
Protecting subalpine forests creates
high-elevation climate refugia for migration of
wildlife species. Forest refugia that includes
mature cone-producing trees becomes a seed
source post-disturbance, accelerating recovery
post-fire and preventing extended periods of
habitat loss. Enhancing genetic diversity with
pathogen resistant seedlings facilitates
regeneration, while conferring resistance to
insects and pathogens favored in a warmer
climate.
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FINDING THE SCIENCE:

Halofsky et al. 2019, 2018, 2017

e Climate vulnerability assessments for national
forest regions that include subalpine forests
and summarize expected changes and
potential adaptation strategies.

Tomback et al. 2022

e Summarizes management practices for
restoration and protection of whitebark pine,
including the science on which these practices
are based and their application to minimize
climate impacts.
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WHAT IT MEANS: Diversification of tree species

and sizes in forests, as well as seral stages across

large landscapes, increases resilience by

enhancing the potential for recovery from

climate-driven disturbance. Strategies include:

e Direct post-fire recovery by aligning species
and structure with expected future climate and
fire regimes.

e Accept natural regeneration, including

variation in conifer regeneration success, to
promote complex early seral habitat.

e Assisted population migration of species and

genotypes that are expected to be better
adapted to the future climate.

WHY IT WORKS: Many forests in the PNW suffer
from the homogenizing effects of forest
management that reduced species, structural,
and seral-stage diversity. Homogeneity increases
vulnerability to fire, insect outbreaks, and
pathogens by decreasing heterogeneous
disturbance effects, such as mixed-severity fire
and dispersed tree mortality. Diversity increases
resilience to insects and pathogens by
establishing natural controls that limit
disturbance extent and prevent large patches of
tree mortality. As warming enables insect
populations to proliferate or creates favorable
conditions for pathogens, natural controls on
disturbance extent are even more important to
keep native insects and pathogens at endemic
levels and limit the spread of introduced species.

FINDING THE SCIENCE:

Larson et al. 2022

e Describe practices consistent with ecological
forest management that also facilitate post-fire
climate adaptation.

Donato et al. 2020

e Quantify the natural range of variability of seral
stages for forests with infrequent, severe
disturbance regimes and current departures
from this range as a guide for managing
post-disturbance structural diversity.

Palik et al. 2022

e Although case studies are in the eastern U.S.,
this is a synthesis of the science of assisted
migration and a conceptual framework to
operationalize the practice.

NETWORK FOR ASSISTED POPULATION
MIGRATION AND SILVICULTURE

DESCRIPTION: The Experimental Network for Assisted
Migration and Establishment Silviculture (ENAMES) is
implementing assisted migration planting trials to collect
information to support operationalizing the practice.
Assisted migration has been implemented in individual
projects in the NW, but ENAMES is the first systematic
study evaluating the practice for a range of forest types
across the region. Experiments include planting a selection
of seed sources adapted to expected future climates of
each site for four time periods from 1961 to 2100. Seed
sources are selected using tools such as the Seedlot
Selection Tool. The study is also evaluating silvicultural
practices to assist seedling survival, such as planting larger
seedlings, different seedling stock types, vegetation control
to reduce competition, and lower planting densities to
increase resources per seedling. Results will be applicable
for multiple tree species and post-disturbance conditions
and serve as foundational research on assisted population
migration, as well as the short- and long-term success of
reforestation practices in a changing climate

AT A GLANCE:

e Goals: Develop informat to maximize the effectiveness
of reforestation in a changing climate

e Location: A network of 30 sites in OR, WA, CA

e Timeline: Established 2024 and 2025

e Strategies: Assisted migration, silvicultural practices to
increase seedling survivals

e Project Link: ENAMES

The Umpqua National Forest is home to one experimental ENAMES
site, Burnt Creek, where Douglas fir is the focal species. Photo
Credit: USDA Forest Service.



https://www.fs.usda.gov/research/pnw/projects/enames
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WHAT IT MEANS: Restore and manage fire to
achieve desired ecological benefits and habitat
features, while minimizing impacts to human
health and communities. Techniques to manage
fire depend on species composition and current
historical fire regimes. This strategy includes

e Thin and burn mixed-conifer forests where fire
exclusion has substantially altered species
composition and fuel profiles.

e Restore indigenous burning practices following
fuel reduction in woodlands.

e Manage wildfire in subalpine forests, especially
wilderness areas where fire poses less risk and
fuel profiles have not been altered.

e Suppress fire in wet forests of fire-intolerant
species and long-fire return intervals.

WHY IT WORKS: Restoring fire regimes reduces
the potential for large, high-severity fires that
slow recovery. Large patches of high-severity fire
reduce habitat quality in the short term and
increase the risk of long-term regeneration
failures and conversion to non-forest vegetation.
Reintroducing low and mixed-severity fire creates
heterogeneity in species composition and forest
structure, increasing habitat diversity across
scales, from individuals to forests Species and
structural diversity increases resilience to more
frequent fire in a warmer climate.

FINDING THE SCIENCE:

Recent reviews summarize the effectiveness of

restoring fire as a climate adaptation strategy.

Hagmann et al. 2021

e Reviews the scientific evidence documenting
changes in structure and composition in
fire-adapted forests due to fire exclusion.

Prichard et al. 2021

e Reviews the effectiveness of techniques to
restore fire and manage forests for resilience
in a changing climate, including answers to
frequently asked questions regarding the
application of thinning, prescribed burning,
indigenous burning, and managed wildfire.

Halofsky et al. 2018

e Fire suppression as a resistance strategy may
be a more effective approach to increase
resilience and protect wildlife habitat in the
stand-replacing fire regimes of wet forests.

SOUTHERN OREGON OAK WOODLAND
RESTORATION PROJECT

DESCRIPTION: The Lomakatsi Restoration Project, in
partnership with the US Department of Fish and Wildlife,
has restored hundreds of acres of degraded oak woodland
habitat in northern California and Southern Oregon. Fire
exclusion enabled the encroachment of conifer trees and
woody shrubs into open woodlands increasing fuels. Higher
temperatures and drier summers increase the likelihood of
wildfire, and fuel accumulation causes higher intensity fires
that kill the very large oaks that provide important wildlife
habitat. Lomakatsi are reducing high-severity fire and
promoting development of high-quality woodland habitat
by using ecological thinning and prescribed burning to
create a mosaic of large oaks and pines, interspersed with
open areas and patches of chaparral. Restoring the
ecological role of fire slows the decline of oak woodlands
and promotes post-fire recovery.

AT A GLANCE:

e Goals: Protect and promote development of oak
woodland habitat for wildlife

e Location: Southern Oregon and northern California

e Timeline: Oak restoration began in 1995 and continues
with more funding and partners. In 2014, the Wildlife
Conservation Society Climate Adaptation Fund supported
restoration of 400 acres.

e Strategies: remove non-native plants that compete with
native oak species, selectively thin conifer trees and
woody shrubs, prevent the conversion of oak woodlands
to cropland and residential development.

e Project Links: Oak Habitat Restoration Program

An Oregon white oak grows in a prairie setting in Oregon. Photo
Credit: George Gentry/U.S. Fish and Wildlife Service



https://lomakatsi.org/project/oak-habitat-restoration-program/
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Increase Resilience to Drought Stress

WHAT IT MEANS: Silvicultural practices to
increase drought resilience can enhance
individual tree growth and vigor and reduce
mortality. As growing seasons become hotter and
drier with more frequent and longer ecological
droughts, this practice is expanding. Adaptation
strategies include

e Quantify and map spatial variation in drought
vulnerability.

e Plant or select for drought-tolerant species.

e Reduce water competition by reducing
tree-density and removing invasive species.

WHY IT WORKS: Managing for drought resilience
reduces vulnerability and increases defenses
against insects and pathogens, enabling forests to
maintain ecological processes and functions. The
practice has the greatest potential for success in
in forests that have been harvested, planted at
unsustainable densities, or have high likelihood of
being exposed to drought stress. Density
management has the co-benefit of accelerating
the development of late-successional forest
characteristics (e.g., large trees, multiple canopy
layers, and overstory canopy gaps).

FINDING THE SCIENCE:

Empirical research is emerging to document and

refine silvicultural practices for drought resilience.

Sohn et al. 2016

e Synthesizes results from experiments designed
to test thinning approaches for drought
resilience. Thinning mitigates growth response
during droughts for broadleaved species and
improves growth recovery after drought for
conifer species. The benefits of thinning
decrease with time as trees grow.

Palik et al. 2020

e Provides the scientific theory for ecological
silviculture which forms the foundation for why
these practices are expected to be effective for
climate adaptation despite the difficulty in
testing them for this purpose.

D’Amato et al. 2023

e Describes a framework for ecological
silviculture design specifically to address
climate impacts. Although focused on boreal
forests and the eastern US, the general
framework is relevant to the northwest.

BEES TO BEARS HABITAT RESTORATION

DESCRIPTION: Idaho Fish and Game and the Yellowstone
to Yukon Conservation Initiative restored 250 acres of
lowland forest habitat. Restoration reduces the effects of
climate and human-induced ecosystem stressors
(agriculture development and hydrologic management) on
habitat for several Species of Greatest Concern listed in
Idaho's State Wildlife Action Plan. The state of Idaho
purchased the land in 1999. Past ecosystem alterations
reduced habitat quality for aquatic and terrestrial species.
Restoration was designed to improve ecological functions
and habitat quality for climate-sensitive wildlife species
including bees, amphibians, and grizzly bears. Future
climate conditions were considered in restoration design
by creating areas that provide cold-air refugia, improve
soil moisture, and restore ephemeral wetland flooding.

AT A GLANCE:

e Goals: Restoration of lowland forested habitat to
assist adaptation for 6 Species of Greatest
Conservation Need

e Location: Boundary-Smith Creek Wildlife
Management Area, Kootenai Valley, Idaho.

e Timeline: 2018 to 2020

e Strategies: restore ephemeral flood cycles, create
topographically altered pollinator habitat, plant native
trees and understory plants to provide cover for
grizzly bears, improve soil moisture and reduce
understory air temperatures

e Project Links:ldaho Panhandle Bees to Bears Climate
Adaptation Project

Northern leopard frog (Rana pipens) is a species of greatest
conservation need assisted by the project. Photo Credit: Kyle Welsh



https://idfg.idaho.gov/bees2bears
https://idfg.idaho.gov/bees2bears
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MORE ADAPTATION RESOURCES:

@ CLIMATE CHANGE ADAPTATION LIBRARY FOR THE WESTERN UNITED STATES

This online resource is compiled from a series of vulnerability assessments conducted by Adaptation
Partners for and with U.S. Forest Service and National Park Service land managers in the west. The
database includes adaptation strategies that can be filtered by region, resource area, and climate change
effect. The website links to the regionally-specific climate change vulnerability assessments.

Resource Link:: Climate Change Adaptation Library

@ SEEDLOT SELECTION TOOL

This online GIS-based mapping application allows users to identify seed zones based on future climate
projections. The tool can be used to inform assisted migration practices by identifying appropriate
locations for seedlots or planting sites based on user-selected climate variables and future time periods.
The USFS developed a user guide for the tool that includes case studies for the Northwest.

Resource Link: Seedlot Selection Tool and Seedlot Selection Tool Guidebook

@ ADAPTIVE SILVICULTURE FOR CLIMATE CHANGE

This series of experiments is designed to test a range of locally appropriate silvicultural practices for
climate adaptation. Experiments are implemented in a network of forest types mostly in the eastern US,
but also in a larch mixed-conifer forest in the Northern Rocky Mountains. The project is producing
information and tools to help resource managers integrate climate change into decision making.

Resource Link; Adaptive Silviculture for Climate Change

@ ADAPTATION GUIDES FOR SMALL FOREST LANDOWNERS IN WASHINGTON

These guides pair forest-specific climate impacts with potential adaptation actions. Although they are
developed for private landowner audiences in Washington, other forest managers may find the concise
impacts summaries and list of actions useful. Adaptation actions for forests in Washington are relevant to
other similar NW forest types elsewhere.

Resource Link: Small Forest Landowner Adaptation Guidance

Trout Lake is surrounded by forest, with Mt. Hood in the background. Photo Credit: Amanda Brewer - USDA Forest Service.


https://adaptationpartners.org/library.php
https://seedlotselectiontool.org/sst/
https://www.climatehubs.usda.gov/hubs/northwest/topic/seedlot-selection-tool
https://www.adaptivesilviculture.org/
https://cig.uw.edu/projects/small-forest-landowner-adaptation-guidance/
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SHRUBLAND AND GRASSLAND ECOSYSTEM DESCRIPTION

Shrubland and grassland ecosystems cover a broad area of the Northwest (NW). The
environmental conditions and vegetation communities of these ecosystems are diverse
and consist largely of dry-climate systems limited by water availability. The terminology
associated with dryland ecosystems is also diverse and includes shrublands and
grasslands, steppe, shrub, scrub, scrubland, chaparral, shrubsteppe, sagebrush steppe,
cold upland deserts, cold desert shrublands, hot desert shrublands, salt desert shrubland,
and cold semi-arid deserts. Each ecosystem has nuanced differences largely a product of
topography, geography, and prevailing local climatic conditions.

Shrublands exist along a climatic continuum, encompassing arid to semi-arid climates with
heterogeneous patches of shrubby vegetation and exposed substrates (Figure 1) (Brown et
al. 2022). Shrubland plant communities are typically well-adapted to arid climates and can
be characterized by a stable or mature vegetation type, or they can be a transitional
community. Shrublands are typically defined as lands with shrub plant cover -
woody/shrubby perennial vegetation - but other plants in these ecosystems include
grasses, herbaceous vegetation, subshrubs, and forbs. Many species of sagebrush
(Artemisia spp.) are native to semi-arid or arid shrublands. Mountain big sagebrush (A. t.
ssp. vaseyana) is typically found at high-elevations where annual precipitation and snowfall
are higher. Basin big sagebrush (A. t. ssp. tridentata) occurs at the low elevations in warmer
areas. Wyoming big sagebrush (A. t. ssp. wyomingensis) occurs at intermediate elevations
and overlaps with mountain and Wyoming big sagebrush. Grasslands refer to open areas
dominated by homogenous grasses with few shrubs or trees (Figure 2) (Brown et al. 2022).

Shrubland and grassland systems develop under drier prevailing environmental conditions
and have comparatively lower biomass than forested systems (Cartwright et al. 2020).
Precipitation variability and seasonal temperature greatly affect these ecosystems where
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productivity is limited by water availability (Palmquist et al. 2016, 2021, Bradford et al.
2020). Environmental conditions affect ecosystem resilience, resistance, and vegetation
type changes, with implications for native and invasive non-native species occurrence and
competition (Chambers et al. 2017, Roundy et al. 2018, Bishop et al. 2020).

- ’;‘SS?’SEES:IAW"’: | Distribution of Shrub & Scrub:
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Figure 1. Shrubland distribution across ecoregions of the Northwest.
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INTERACTION OF CLIMATE CHANGE AND ECOSYSTEM

STRESSORS

Shrubland and grassland ecosystems have high conservation value for biodiversity and
provide critical ecosystem services, such as soil erosion mitigation, carbon sequestration,
pasture for livestock, and cultural services and values (Friggens et al. 2012, Maestre et al.
2016). For example, climate-induced ecosystem stressors are expected to threaten
sagebrush ecological integrity (Doherty et al. 2022). Interactions between climate stressors
and disturbances, such as wildfire and invasive grasses, are expected to further threaten
native species in shrublands and grasslands.

DIRECT EFFECTS OF
CLIMATE CHANGE

Changes in the climate,
including rising
temperatures, changing
precipitation patterns, and
elevated atmospheric
carbon dioxide (CO,)
(Huang et al. 2016), will
affect dryland ecosystems.
Temperatures are
projected to increase
across dryland ecosystems
in the NW. Precipitation
form, seasonal timing, and
seasonal amount are also
expected to change;
although projections of
precipitation are less
certain than projections of
temperature (see Climate
Overview).

Figure 2. Grass vegetation
type is distributed across
Northwest ecoregions.
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Pacific Northwest
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Distribution of Grass: Dynamic
World Land Use Land Cover

Data Sources: EPA Level lll Ecoregicns, U.S. Census Bureau
State Boundaries, and Statistics Canada's 2021 Cartographic
Boundaries, Dynamic World Land Use Land Cover
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Shrubland and grassland ecosystems demonstrate variable and species-specific
sensitivity to the direct effects of higher temperatures and changes in precipitation,
with consequences for plant diversity and the distribution and abundance of species.
e Higher annual and growing season temperatures are expected to directly affect big
sagebrush. Growing season temperatures above 22° C have been documented to
negatively affect growth rates (Kleinhesselink and Adler 2018). The number of hot
days and days with maximum temperatures greater than 34°C have been
documented to negatively affect germination and seedling success, particularly at
the edge of the range (Schlaepfer et al. 2015).
e Higher temperatures are expected to decrease big sagebrush cover, growth, and
recruitment in the warmest areas and southern edge of the range, while increasing
them in cooler north and high-elevation areas of the range (Renwick et al. 2018,
Schlaepfer et al. 2015, Kleinhesselink and Adler 2018).

[J AssessmentArea | Growth Sagebrush Area Distribution of
Pacific Northwest 7] Other Rangeland Area Sagebrush Core
Il Core Sagebrush Area Habitat and Growth

=y Areas

\ S Data Sources: EPA Level Il Ecoregions, U.S. Census Bureau
a \\ State Boundaries, and Statistics Canada's 2021 Cartographic
0 100 200 km Boundaries, and Biome-wide Sagebrush Core Habitat and Growth

|| Areas (Doherty et al. 2022)

Figure 3. The distribution of sagebrush core and growth habitat areas across the
Northwest ecoregions
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Sagebrush distribution and abundance may be more strongly affected by changes in
temperature than by changes in precipitation (Kleinhesselink and Adler 2018,
Renwick et al. 2018), although this is still uncertain (Still and Richardson et al. 2015).
Subspecies of big sagebrush are defined by different climatic niches (Still and
Richardson 2015), so they are expected to respond differently to climate change
(Kleinhesselink and Adler 2018). For example, big sagebrush subspecies vary in their
responses to freezing temperatures and freezing resistance mechanisms (Lazarus et
al. 2019). Mountain big sagebrush is more susceptible to freezing temperatures than
Wyoming big sagebrush, contrary to expectation (Brabec et al. 2017, Kleinhesselink
and Adler 2018). Wyoming big sagebrush has greater freezing resistance and is
comparatively better adapted to cold temperatures and drought relative to other
sagebrush subspecies (Brabec et al. 2017, Kleinhesselink and Adler 2018).

Higher temperatures and elevated atmospheric CO, concentrations are expected to
affect C; and C, photosynthetic pathways in different ways, likely favoring C, plants.

C; (Calvin cycle) and C, (Hatch-Slack cycle) photosynthesis are two pathways used by
plants to fix atmospheric CO, and produce glucose. These pathways influence a
plant’s ability to withstand high temperatures, low water and nitrogen availability,
and high atmospheric CO, concentrations. Because of these differences, C;and C,
grasses are expected to respond to climate change differently (Havrilla et al. 2023).
Most plants in temperate ecosystems are C; plants. Only grasslands comprise C;
(cool-season) and C, (warm-season) plants.

In the short term, C; grasses are expected to benefit from greater precipitation
variability, particularly in cool seasons. In the long term, rising temperatures and
precipitation variability are expected to favor C, grasses because of their higher
tolerance of water stress, high temperature extremes, and low nitrogen availability.
Climate suitability for warm season grasses is expected to increase, shifting from
suitability for C; toward C, species and increasing the likelihood that C, grasses will
replace C; grasses where C; species abundance declines (Palmquist et al. 2021,
Havrilla et al. 2023).

Model projections of perennial grass abundance with climate change indicate that
C;abundance will decrease across NW grasslands, and C, abundance will increase,
particularly at higher-latitudes (Havrilla et al. 2023).

Projected shifts in C; and C, plant distribution would cause reorganization of
vegetation communities with subsequent impacts on wildlife and grazing systems
that are widespread in the area (Havrilla et al. 2023).

The larger and more certain projected changes in temperature are expected to
affect both C; and C, grasses more than the smaller and less certain projected
changes in precipitation (see Climate Overview).
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Changes in vegetation phenology can influence the carbon balance of dryland
ecosystems and synchrony with interacting species.

e Climate change is expected to alter grass phenology, with shifts towards earlier
spring emergence and later autumn senescence (Hufkens et al. 2016).

e Higher spring temperatures and earlier snowmelt are causing first-flowering to
occur earlier in montane sagebrush communities, including earlier blooming of
early-spring flowers, mid-summer flowers, berry-producing shrubs, and nonnative
species (Bloom et al. 2022).

e Peakyield dates for herbaceous vegetation in sagebrush systems are strongly
affected by annual climatic variability, and changes in spring precipitation and
reference evapotranspiration may have the greatest effect (Bates et al. 2023).

Higher temperatures and associated declines in snowpack depth and duration in
high- and mid-elevation shrublands will have implications for ecosystem services and
species functions.

e Long, cold, and wet winters, with abundant winter snowpack, have been
documented to be important for maintaining annual carbon uptake and carbon
balance in some semiarid ecosystems (Yao et al. 2022), although how consistent this
is finding is across sagebrush ecosystems in the region is unknown.

e Winter snowpack is a key driver of water availability in dryland ecosystems and
because of this, changes in snowpack are expected to greatly influence how carbon
cycling in dryland ecosystems responds to climate change (Yao et al. 2022).

e Shallower snowpack depth and less snow cover are expected to affect soil
respiration in sagebrush systems in the winter and early spring growing seasons.
Total soil respiration is expected to decrease with declining snowpack due to higher
temperatures, but it remains unknown how higher temperatures may directly affect
soil respiration (Tucker et al. 2016).

e Decreasing snowpack depth and duration are expected to favor populations of
cheatgrass at mid-elevational sites (Smull et al. 2019).

Sensitivity to drought varies greatly among dryland ecosystems in the NW
(Cartwrigght et al. 2020) with variation in current climate and water availability,
elevation, topography, and soil characteristics. Assessing drought impacts in these
ecosystems continues to be challenged by defining and measuring ecologically
relevant drought metrics, as well as uncertain projections for changes in
precipitation (See Climate Overview).

e Atregional scales, shrubland and grassland ecosystems in the NW are more
sensitive to drought than are forested ecosystems and show less evidence of
drought refugia in valleys and riparian areas, likely due to the prevalence of
intermittent streams (Cartwright et al. 2020).

e Shrubland and grassland drought sensitivity is influenced by climate, as well as
topographic features and soil characteristics that affect water availability (Bradford
et al. 2020, Cartwright et al. 2020).
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e Generally drier ecosystems are more sensitive to productivity losses due to drought
(Smith et al. 2024). However, this varies greatly within ecosystems. In the NW, cold,
upland shrub-steppe communities appear to be more sensitive to drought despite
higher water availability (Cartwright et al. 2020).

e Drought stress associated with combined high temperatures and low soil moisture
is expected to increase in many areas of dryland ecosystems in the NW, despite
variation in precipitation projections for this region (Bradflrod et al. 2020), which
may affect plant mortality and productivity as has been documented for plants in
other vegetation types (Breshears et al., 2018).

e Climate change effects on the ecohydrology of sagebrush systems will include
longer, drier summer soil conditions because of increased evaporative demand and
changes in the dynamics of soil water recharge. Along with warming, these factors
may affect sagebrush regeneration and cause range shifts, especially if winter
precipitation cannot offset drier summer conditions (Bradford et al. 2014,
Schlaepfer et al. 2012, Schlaepfer et al. 2015, Palmquist et al. 2021).

The time and spatial scales over which drought occurs will shift with climate change.
Shorter duration droughts over smaller areas are likely to become more important
for understanding and managing drought responses at the species, community, and
ecosystem level.

e Climate models project changes that are relevant for seasonal and annual drought;
fine-scale variation in daily environmental conditions will become increasingly
important (Cartwright et al. 2020, Applestein et al. 2021), with ecological drought
being relevant in terms of days, not just months to years (O'Connor et al. 2020).

e Small-scale and short-duration changes in temperature and water availability are
expected to contribute to vegetation shifts (O'Connor et al. 2020), such as from
native perennial shrublands to invasive annual grasses (Bishop et al. 2020). These
changes are evident across the sagebrush-dominated Great Basin where daily soil
water availability in early spring is vital for native plant germination, emergence and
establishment (James et al. 2019, O'Connor et al. 2020).

CLIMATE CHANGE EFFECTS ON FIRE REGIMES IN GRASSLANDS AND
SHRUBLANDS

Higher temperatures and changes in precipitation patterns will interact to alter fire
regimes, the distribution of invasive non-native species, and their interactions in shrubland
and grassland ecosystems. Biomass and fuel availability are low in these ecosystems
relative to forest ecosystems (Cartwright et al. 2020), but fire frequency and size have
increased in recent decades, especially in areas heavily invaded by non-native grasses
(Balch et al. 2013).

Climate change is expected to increase the frequency of climatic conditions that are
conducive to fire and invasive grass species, while reducing the climatic conditions
that are favorable for post-fire recovery of native species.
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Fire activity varies greatly across grassland and shrubland ecosystems in the NW
associated with local variability in climate. The probability of fire is greater in areas
with a low proportion of annual precipitation in summer, intermediate precipitation
amounts, and higher temperatures (Holdrege et al. 2024).

Higher temperatures and changes in precipitation amount and variability are
expected to increase the frequency of climatic conditions that support fire ignition
and spread, while lengthening the fire season (Abatzoglou and Kolden 2011).
Projected climate-driven changes in fire activity in shrubland and grassland
ecosystems suggest that fire return intervals will increase (i.e. fire frequency will
decrease), but changes in fire severity are variable and less certain (Parks et al.
2018). However, interactions with changes in vegetation and fuel abundance are
critical for understanding how changes in the climate will affect future fire regimes
in these ecosystems where fire is limited by fuel availability.

As water-limited ecosystems, shrublands and grasslands are especially vulnerable to
drought (Breshears et al. 2016, Smith et al. 2024) and its effect on post-fire recovery
of native species.

More frequent and severe fire reduces the extent of sagebrush and associated
habitat and biodiversity, although the effects of changing fire regimes on individual
sagebrush subspecies is still unknown.

Sagebrush is sensitive to fire. For example, in low-elevation sites, a single fire can
alter vegetation composition and accelerate conversion from a shrub-dominated
system to a system of invasive annual grasses (Mahood and Balch 2019).

Repeat burns in sagebrush communities can have long-lasting effects, including
reduced species richness and diversity (Mahood and Balch 2019).

In low-elevation Wyoming big sagebrush systems, individual and repeated fires
reduce species richness and diversity (Mahood and Balch 2019). Higher
temperatures impede Wyoming big sagebrush post-fire recovery, whereas cooler,
wetter conditions favor sagebrush resilience (Mahood and Balch 2019).

More frequent and severe fire can inhibit post-fire recovery of sagebrush and favor
establishment of invasive non-native species through decreased plant competition
(Innes and Zouhar 2018).

Shifts in the seasonality of fire have species-specific effects, as the phenology at the
time of the fire is relevant to recovery (Ruckman et al. 2012). The stages from seed
ripening to germination are particularly sensitive (Stavi 2019). Warm-season grasses
benefit more from spring burning relative to cool-season grasses, and forbs benefit
more from fall burning (Roundy et al. 2018).
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CLIMATE CHANGE EFFECTS ON INVASIVE GRASSES AND FUELS

Higher temperatures are expected to increase the climate suitability for invasive
annual grasses. Wetter winters and springs have direct effects on the distribution
and abundance of invasive grasses. However, projected changes in precipitation
magnitude and seasonality remain less certain than changes in temperature (See
Climate Overview).

Cooler soil temperatures and wetter soils promote sagebrush ecosystem resilience
and resistance, whereas warmer, drier soil conditions favor cheatgrass occurrence
and dominance (Roundy et al. 2018).

Habitat suitability for invasive annual grasses is most likely to increase at higher
elevations and at the northern edge of its current invaded range (Bradley et al. 2016,
Smith et al. 2022, Terry 2023, Harris et al. 2024).

Invasive annual grass expansion is expected to be faster on hot, dry south-facing
aspects, but also increasingly on cooler north-facing aspects (Smith et al. 2022).
Higher temperatures will reduce snowpack (See Hydrology Overview and Ecoregion
Summaries), which is expected to favor cheatgrass survival, establishment, and
growth at mid-elevations in non-drought conditions (Compagnoni and Adler 2014b,
2014a, Bradley et al. 2016, Smull et al. 2019).

Interannual variability and timing of precipitation are associated with cheatgrass
presence and abundance (Boyte et al. 2016, Williamson et al. 2020), with preceding
wet years favoring cheatgrass growth and abundance (Pilliod et al. 2017).
Cheatgrass is favored by high precipitation during the late winter and early spring
growing season and is negatively affected by drought during the fall germination
season (Bradley et al. 2016). In contrast, precipitation later in fall is more likely to
favor native plant competition with cheatgrass and areas with high summer
precipitation are less likely to experience cheatgrass invasion (Bradley et al. 2009,
Williamson et al. 2020).

Invasive grasses will likely contribute to altered fire regimes due to increased
continuity and biomass of fine fuels, especially after wetter years, which together
facilitate fire spread.

Invasive annual grasses are associated with changes in fire regimes, including
greater fire probability, shorter fire return intervals, increased risk of larger fires,
and earlier fire seasonality Balch et al. 2013, (Bradley et al. 2018, Davies et al. 2021).
Abundant spring precipitation promotes the growth of fine fuels in the form of
invasive annual grasses (e.g., cheatgrass). Live fuel from one growing season
becomes dead fuel at the end of the season and can persist into the next year
unless removed by fire or grazing (Li et al. 2020).

More fine fuel increases the probability of fire, particularly when a wet period is
followed by abnormally dry seasons or years (Pilliod et al. 2017). This lag effect
means that successive wet years followed by a dry year increase fuels and the
potential for fire.
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More continuous fine fuel increases the size and severity of fires in shrubland and
grassland ecosystems (Li et al. 2020).

Increased biomass of fine fuels characterized by shallow root systems may also
increase soil temperature relative to sagebrush habitats and decrease soil moisture
(Balch et al. 2013).

Precipitation and drought are critical drivers of vegetation recruitment and
restoration success following fire, particularly in determining whether an area will
re-established with native perennial species, or whether invasive non-native annual
grasses will dominate post-fire, further contributing to the grass-fire cycle (James et
al. 2019, O’'Connor et al. 2020).

VEGETATION TYPE CONVERSION AND HABITAT FRAGMENTATION

Climate stressors will likely drive the contraction and expansion of vegetation types,
habitat fragmentation, and vegetation type conversion in grassland and shrubland
ecosystems.

Current climate conditions are favorable for the expansion of both invasive annual
grasses and native conifers, such as juniper (Juniperus spp.) and pinyon (Pinus spp.),
into shrubland communities, and expected changes in the climate have the
potential to accelerate expansion rates (Young et al. 2023).

Due to native tree expansion, absolute tree cover in rangelands across the U.S.
increased by about 50% between 1990 and 2019 (Morford et al. 2022). More
precipitation during the wet season and longer growing seasons are expected to
accelerate the expansion of native tree and woody plant species into shrublands
and grasslands (Morford et al. 2022).

Higher temperatures and more precipitation during the wet season are expected to
cause a contraction of sagebrush distribution, as warm-desert vegetation expands
northward and woody plant communities expand down in elevation (Schlaepfer et
al. 2012, Palmquist et al. 2021). If precipitation decreases, warm-desert vegetation
may still encroach from the south, but woody plant species may instead move up in
elevation (Neilson et al. 2005).

Woody plant and tree encroachment alter the structure and function of shrubland
and grassland systems by increasing habitat fragmentation, reducing habitat quality,
and altering herbaceous forage production (Morford et al. 2022).

INTERACTIONS BETWEEN CLIMATE-RELATED STRESSORS AND OTHER
HUMAN-CAUSED STRESSORS
Climate change stressors will interact with existing human-induced stressors to

contribute to shrubland and grassland fragmentation and reduced connectivity, with
consequences for biodiversity and ecosystem services (Chambers et al. 2017).

Human-induced stressors other than climate change, include livestock grazing
(Roundy et al. 2018), conversion to agriculture (Knight et al. 2016), urban and
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exurban development (Radeloff et al. 2023), energy development, and resource
extraction (Chambers et al. 2017).

Human-induced stressors will have interactive and synergistic effects with
climate-induced stressors (Williamson et al. 2020, Requena-Mullor et al. 2023). For
example, human-caused fire ignitions are strongly associated with cheatgrass
spread and abundance, which further threatens native dryland species (Bradley et
al. 2018).

Invasive grass establishment and spread are accelerated by fire, but fire
mechanisms do not exclusively drive these processes. Other factors facilitate grass
invasion, such as improperly managed grazing and increasing recreational use of
public lands associated with human population growth (Smith et al. 2023).

AREAS FOR FUTURE RESEARCH

Key native species, primarily sagebrush and the greater sage-grouse, are often the
focus of research on climate change in shrublands (Rottler et al. 2015). The effects of
climate change on other sagebrush-obligate species, and shrubland and grassland
flora and fauna broadly, are still less well studied (Rottler et al. 2015).

More research is needed on how changes in plant phenology will indirectly affect
potential migration rates of species that depend on the timing of plant green-up. For
example, changes in plant phenology due to drought may alter temporal availability
of forage and habitat, affecting the timing of migration for ungulates (Aikens et al.
2020) and nesting for sage grouse (Stoner et al. 2020).

More research is needed to explore the influence of CO, on enhancing water use
efficiency and mitigating drought stress in plants. Modeling of changes in species
abundance often does not explicitly include the effects of higher atmospheric CO,
concentrations on C; and C,. Experiments from other regions suggest that elevated
atmospheric CO, will favor C; species by reducing transpiration rates, improving
water use efficiency, and increasing carbon fixation rate (Morgan et al. 2004).
Understanding how shrubland and grasslands will respond to changes in the
climate is complicated by the effects of interacting disturbances, such erosion (Shi et
al. 2018, Boyte et al. 2020). Soil erosion by water is expected to increase landscape
vulnerability across shrublands and grasslands, yet the mechanisms and
interactions of how climate change will affect wind erosion across these systems are
less well understood (Bradford et al. 2014, Edwards et al. 2019).

Changes in disturbances may have opposite or reinforcing effects on dryland
systems compared to changes in the climate alone. For example, climate models
project no change in cheatgrass and declines in sagebrush in the southern NW
(Zimmer et al. 2021), but more frequent fire is expected to favor cheatgrass and
reduce sagebrush. Consideration of changes in the climate, disturbances, and their
interactions are necessary to understand future conditions (Schlaepfer et al. 2021).
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More research is needed on how climate change will affect invasive species
dynamics and phenology. For example, accurately modeling cheatgrass cover across
large areas remains challenging due to difficulties in differentiating cheatgrass from
other annual grasses using remote imagery techniques (Bradley et al. 2018).

In sagebrush ecosystems, research on invasive annual grasses has focused heavily
on cheatgrass. Further research is needed to understand the effects of climate
change on less ubiquitous invasive grasses that may become greater threats in the
future (McMahon et al. 2021).
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Middle Rockies

Shrub and Grassland Ecosystems

Regional Description

In the Middle Rockies ecoregion, shrublands and
grasslands are in the intermontane valleys and
foothills. The broad intermountain basins of the
Middle Rockies are dominated by arid grasses,
shrub and scrub. Sagebrush species (Artemisia spp.)
are the dominant vegetation, along with
rabbitbrush (Chrysothamnus viscidiflorus), and
serviceberry (Amelanchier arborea). Common grass
species include wheatgrass (Eremopyrum spp.),
needlegrass (Nassella spp.), and grama grass
(Bouteloua spp.).

Strategy Habitat: Sagebrush

Sagebrush steppe in the Middle Rockies are
vulnerable to ecosystem stressors associated with,
invasive annual grasses and changing fire regimes.
Core Sagebrush Areas cover approximately 9% of the
Middle Rockies, mostly in the western part of the
ecoregion. Approximately 15% of the ecoregion is
Growth Opportunity Areas where sagebrush habitat
can be expanded and ecological integrity enhanced.
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Shrub and scrub cover approximately 29% of the Middle
Rockies; grass covers approximately 10%. In the Northwest,
the Middle Rockies ecoregion has the highest percentage of
grass cover, similar only to southeast Idaho.

Management Considerations

e Timber harvest, recreation, and agriculture are
three of the most common land uses in the
Middle Rockies ecoregion.

e In the intermontane valleys, agricultural
production includes managed pasture lands, hay
fields, and irrigated alfalfa.

e Cattle and sheep grazing occur year-round both
in the valleys and open sites at higher elevations
during summer seasons.



Middle Rockies
Shrub and Grassland Ecosystems

Description Management Actions

Fire activity in sagebrush systems is linkedto e Strategically using fuel breaks in fire-prone
abundant winter and spring precipitation that sagebrush steppe can aid fire management.
increases grass biomass and fire potential in the However, mitigation efforts may be necessary to
following season when grasses cure and reduce the detrimental effects that fuel breaks
become available as fine fuels. Fire return can have by fragmenting habitat and facilitating
intervals that were decades to centuries the spread of invasive grasses to new areas

historically have become more frequent in areas (Shinneman er al. 2019).

with invasive grasses, yet sagebrush resilience o Increase monitoring of the effectiveness of fuel
to fire is low. Fire frequency is also expected to treatments in sagebrush steppe to continue to
increase with continued climate change as more  refine the best approaches for these ecosystems.

winter and spring precipitation increases grass e Increase community engagement and public
production and hotter, drier summers increase outreach efforts focused on reducing
fire potential (Abatzoglou and Kolden 2011). human-caused ignitions.

Invasive Annual Grasses

Description Management Actions

The invasive annual grass-fire cycle is expected e Targeted management of invasive species to

to intensify with climate change, substantially reduce fine fuels, such as mowing, herbicide
affecting native shrubland and grassland application, and grazing can slow the invasive
ecosystems. The resilience of sagebrush annual grass-fire cycle.

ecosystems to changes in the climate is reduced e Prioritize the protection and enhancement of
by the detrimental effects of invasive annual native vegetation in remaining intact sagebrush
grasses, such as cheatgrass and ventenata. core habitat areas (Doherty et al. 2022).

These introduced grasses outcompete native e |dentify new areas of invasive species
vegetation and increase fuel continuity, establishment through Early Detection and Rapid
perpetuating the invasive grass-fire cycle (Fusco Response (EDRR). Tracking shifts in the range of
et al. 2022) and accelerating conversion from invasive grasses can help prioritize areas for
sagebrush to invasive grass-dominated systems. prevention and control (McMahon et al. 2021).

Sagebrush at the Yankee
Jim Interpretive Trail at the
Custer Gallatin National
Forest. Credit: USDA
Forest Service photo taken
in 2023 by Jeremy Zimmer.



Northern Basin and Range

Shrub and Grassland Ecosystems

Regional Description

Forming part of the northern Great Basin, the
Northern Basin and Range ecoregion is
characterized by isolated mountain ranges and
flat basins and valleys with varied elevation, soil
characteristics, and precipitation patterns.
Examples of common, dominant vegetation
include mountain big sagebrush (Artemisia
tridentata ssp. vaseyana), Wyoming big sagebrush
(A. t. ssp. wyomingensis), bluebunch wheatgrass
(Pseudoroegneria spicata), rabbitbrush (Ericameria
nauseosa), and ldaho fescue (Festuca idahoensis).

Strategy Habitat: Sagebrush

Sagebrush steppe is an important habitat in the
Northern Basin and Range that is vulnerable to
ecosystem stressors associated with climate change,
including higher temperatures, invasive species, and
land management practices. Core Sagebrush Areas
cover approximately 75% of the Northern Basin and
Range and are especially concentrated in the western
portion of the ecoregion. Within the NW, sagebrush
habitat ecological integrity is highest in this
ecoregion. The Northern Basin and Range also has
extensive, dispersed Growth Opportunity Areas with
moderate to high ecological integrity due to higher
coverage of annual grasses and conifers.

Shrub/Scrub Vegetation |:| Ecoregion Boundary
" Grass Vegetation

Data: Dynamic World Land
Use Land Cover

Sagebrush Core Habitat and Growth Area

) Al

- Core Sagebrush Growth Sagebrush

Other Rangeland [__| Ecoregion Boundary

Data: Doherty et al. 2022

Shrub and scrub cover approximately 33% of the Northern
Basin and Range, while grass only covers approximately 3%.

Management Considerations

e The predominant land use in the Northern Basin
and range ecoregion is livestock grazing.
Overgrazing modifies fire regimes, reduces native
plant community cover, and contributes to
greater coverage of invasive grasses.

Future Research Areas

e Direct effects of climate change on different
subspecies of sagebrush, such as differences in
how changes in precipitation amount and timing
will affect the distribution and abundance of
subspecies

e Effectiveness of fuel breaks in fire-prone
sagebrush ecosystems and potential tradeoffs with
invasive species spread and habitat fragmentation

e Effectiveness of sagebrush restoration approaches
and impacts on native biodiversity and sagebrush
dependent species, such as the conditions under
which sagebrush seeding is successful given
cheatgrass prevalence, fire activity, and agricultural
conversion (Schlaepfer et al. 2021)




Northern Basin and Range

Shrub and Grassland Ecosystems

E— Changing Fire Regimes

Description

Fire activity in sagebrush systems is linked to
abundant winter and spring precipitation that
increases grass biomass and fire potential in the
following season when this biomass cures and
becomes available as fine fuels. Fire frequency is
expected to increase with climate change as
more winter and spring precipitation increases
grass production and hotter, drier summers
further increase fire potential (Abatzoglou and
Kolden 2011). Fire regimes are changing.
Historical fire return intervals of multiple
decades to centuries between fires are shifting
to much more frequent fires, yet sagebrush
resilience to frequent fire is low.

Invasive Annual Grasses

Description

The effects of climate change on the
persistence and resilience of sagebrush are
driven by the detrimental effects of invasive
annual grasses, such as cheatgrass, that
benefit from climate change. Introduced
cheatgrass outcompetes native vegetation and
increases fuel continuity, which perpetuates
the invasive grass-fire cycle (Fusco et al. 2022)
and accelerates conversion from sagebrush
steppe to invasive grass-dominated
landscapes. Cheatgrass is pervasive in the
region (Hak and Comer 2022).

Description

In colder, wetter areas of the sagebrush range,
juniper encroachment threatens sagebrush
prevalence and extent with associated reductions
in habitat quality for species that depend the less
dense vegetation provided by shrub and
grassland habitats. In these areas, fire was more
frequent prior to fire exclusion and abundant
livestock grazing that reduced fine grass fuels.
Warmer winter temperatures and more winter
precipitation have also favored juniper growth
and contributed to juniper encroachment into
these sagebrush ecosystems.

Managing Ecosystem Stressors

Management Actions

Increase monitoring of fuel treatment
effectiveness and the effects on sagebrush
restoration, biodiversity and sagebrush-obligate
species to better understand potential tradeoffs.
Livestock grazing at moderate to high intensities
during appropriate seasons can be a beneficial
wildfire management tool to reduce fuels in
native-dominated shrub systems (Orr et al. 2022).
The effects of grazing are site and context specific
and depend on environmental conditions and
management objectives. Grazing can increase
cheatgrass (Williamson et al.2020), so grazing as a
wildfire management tool requires mitigating the
potential to facilitate invasive grasses.

Management Actions

e Management actions to reduce invasive grasses
depend on current ecosystem condition and
whether they are core areas, growth areas, or
other rangeland (USDA, 2020).

Defend core areas of high ecological integrity
with management aimed at protecting remaining
sagebrush and previous restoration investments
(Doherty et al. 2022).

Control, slow, and reduce invasive grass spread
with management including mowing, herbicide
application, and grazing. Prioritize areas proximal
to development (Bradley et al. 2018).

Management Actions

e Reduce juniper expansion through targeted
removal with mechanical treatments (cutting
and chipping) in core and growth sagebrush
areas, especially before juniper woodlands
become established.

Prescribed fire can be used to control young
juniper. However, prescribed fire may not be an
appropriate treatment in areas with sagebrush
species that are highly sensitivity to fire and
expected to have longer recovery times, such as
low sagebrush communities,



Snake River Plain

Shrub and Grassland Ecosystems

Regional Description

The Snake River Plain is a broad low-lying plain
characterized by alluvial valleys and gently sloping
hills. Fed by the expansive Snake River Aquifer, this
area hosts diverse landscapes and unique
ecosystems and has an arid to semi-arid climate
with dry, hot summers. Shrublands and grasslands
dominated two-thirds of the Snake River Plain in
2000, primarily across the plains and low hills which
comprise the xeric NW. Heterogeneous patches of
sagebrush (Artemisia tridentata) intersperse native
and invasive non-native perennial grasses, such as
bluebunch wheatgrass (Pseudoroegneria spicata).
Diversity and abundance of wildlife species depend
on the vegetation type and condition.

Strategy Habitat: Sagebrush

Sagebrush steppe ecosystems, an important habitat
in the upper Snake River Plain, are especially
vulnerable to ecosystem stressors associated with
climate change, including warmer temperatures,
invasive species, and land management practices.

Core Sagebrush Areas cover only approximately 14%
of the Snake River Plain and approximately 35% of
the ecoregion is considered to be Growth
Opportunity Areas to expand the sagebrush biome
and improve sagebrush ecological integrity.
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Shrub and scrub cover approximately 35% of the Snake River
Plain, while grass only covers approximately 3%.

Management Considerations

e Human activities substantially affect remaining
native shrubland and grassland ecosystems
through conversion to agriculture and cropland,
livestock grazing, urban development, recreation,
cultural practices, and human-ignited wildfires.

e A key region for NW agriculture, the Snake River
Plain is highly valued for food production and
water management.

Future Research Areas

e Direct effects of climate change on different
subspecies of sagebrush, such as differences in
how changes in precipitation amount and timing
will affect the distribution and abundance of
subspecies

e Effectiveness of fuel breaks in fire-prone
sagebrush ecosystems and potential tradeoffs with
invasive species spread and habitat fragmentation

e Effectiveness of sagebrush restoration approaches
and impacts on native biodiversity and sagebrush
dependent species, such as the conditions under
which sagebrush seeding is successful given
cheatgrass prevalence, fire activity, and agricultural
conversion (Schlaepfer et al. 2021)



Snake River Plain

Shrub and Grassland Ecosystems

Managing Ecosystem Stressors

E— Changing Fire Regimes

Description Management Actions

Fire activity in sagebrush ecosystems is linked to e Strategically using fuel breaks in fire-prone
abundant winter and spring precipitation that sagebrush steppe can aid fire management.
increases grass biomass and fire potential in the However, mitigation efforts may be necessary to
following season when this biomass cures and reduce the detrimental ecosystem effects that
becomes available as fine fuels. Fire frequency is fuel breaks can have by fragmenting habitat and
expected to increase with climate change as facilitating the spread of invasive grasses to new
more winter and spring precipitation increases areas (Shinneman er al. 2019).

grass production and hotter, drier summers and e Conduct research and monitoring of a variety of
further increase fire potential (Abatzoglou and sagebrush restoration treatments and their
Kolden 2011). Fire regimes are changing. effects on biodiversity and species that live in
Historical fire return intervals of multiple sagebrush ecosystems.

decades to centuries between fires are shifting e |ncrease community engagement and public

to much more frequent fires, yet sagebrush outreach efforts focused on reducing

resilience to frequent fire is low. human-caused ignitions.

Invasive Annual Grasses

Description Management Actions
The effects of climate change on the persistence o Appropriate treatments to reduce invasive
and resilience of sagebrush are driven by the grasses depend on current ecosystem condition
detrimental effects of invasive annual grasses, and whether areas are core areas, growth areas,
such as cheatgrass, that are introduced by or other rangeland (USDA, 2020).
people and benefit from climate change. e Defend core areas of high ecological integrity
Cheatgrass outcompetes native vegetation and with management aimed at protecting remaining
increases fuel continuity, which perpetuates the sagebrush and previous restoration investments
invasive grass-fire cycle (Fusco et al. 2022) and (Doherty et al. 2022).
accelerates conversion from sagebrush steppe ¢ Control, slow, and reduce the spread of
to invasive grass-dominated landscapes. nonnative grasses with mowing, herbicide
Cheatgrass is pervasive across the southwest application, or grazing. Prioritize areas proximal
Snake River Plain (Hak and Comer 2022). to development (Bradley et al. 2018).

) Conifer Encroachment
Description Management Actions
In colder, wetter areas of the sagebrush range, e Mechanical removal of conifers with
especially for Mountain Big Sagebrush, conifer hand-cutting, mastication, and lop and scatter
encroachment threatens sagebrush prevalence techniques can be effective for removal of
and extent with associated reductions in habitat smaller lower density trees in early stages of
quality for species that inhabit sagebrush encroachment.
ecosystems. In these areas, fire frequency has e Prescribed fire can reduce the density of
declined due to fire exclusion and abundant fire-intolerant conifer species. Reintroducing fire
livestock grazing that have reduced fine grass is likely to be a more effective long-term
fuels. Warmer winters with more precipitation in conservation solution to limit conifer
recent decades have also favored conifer growth encroachment than mechanical removal.

and contributed to conifer encroachment into
these sagebrush ecosystems.



CLIMATE ADAPTATION:

Shrub and Grassland Ecosystems

Overview

Climate change impacts vary across shrublands and
grassland ecosystems with variation in topography,
climate, and species composition, making consistent
approaches to climate change adaptation challenging.
Climate change interacts with non-climatic ecosystem
stressors that are typically the focus of restoration in
these ecosystems. Managing invasive grasses,
agricultural and urban development, changing fire
regimes, and overgrazing are critical for successfully
adapting to a changing climate. Appropriate adaptation
strategies consistent with the Resist, Accept, Direct
(RAD) Framework (Schuurman et al. 2020) depend on
the current condition and integrity of local ecosystems.

Adaptation Options

WHAT IT MEANS: Shrublands, particularly cold
desert systems, store vast amounts of carbon, an
ecosystem function that is affected by climate
change, land-use change, wildfire, and invasive
annual grasses. Conserving intact shrublands can
increase carbon storage, which mitigates
greenhouse gases and also can be synergistic
with adaptation.

WHY IT WORKS: Cold desert shrubs have deep
rooting systems, contributing to net carbon sinks
when ecosystems are intact and full-functioning.
Invasive annual grasses transform these systems
into net carbon sources. Minimizing invasive
grasses and restoring degraded shrublands
contributes to restoring these systems as net
carbon sinks. Avoiding conversion to cropland
also reduces greenhouse gas emissions.

FINDING THE SCIENCE:

Provencher et al. 2023. Range. Eco. & Man.

e Carbon sequestration in sagebrush shrublands
is comparable to more productive systems.

e Reseeding perennial grasses and shrubs can
be combined with other actions to increase
seeding success.

Nagy et al. 2021 ). App. Ecology

e Sagebrush-steppe conversion due to
cheatgrass invasion causes carbon losses.

e Removing cheatgrass or restoring native
vegetation can aid carbon sequestration.
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A NATIVE RESEEDING

DESCRIPTION: The National Park Service is collecting,
producing, and storing native seed for application across
national parks in intermountain sagebrush systems. Efforts
target native species that are highly competitive, can
stabilize sites quickly, and are early seral. Sourcing native
seeds is a limiting factor in restoration nationally. Native
seed sources are critical for successful restoration, as
genetically appropriate native seed sources have higher
success rates, which can increase resilience in the face of
climate change, invasive species, and more frequent
wildfire. This project is one among a suite of nature-based
solutions - using the Resist-Accept-Direct (RAD) framework
and the Sagebrush Conservation Design - in response to
ecological transformations occurring in national parks
across the sagebrush biome.

AT A GLANCE:

e Goals: Contribute to the National Seed Strategy and
help meet National Park Service planned and
emergent restoration goals with use of native seed.

e Location: Parks across the western US with
Intermountain sagebrush ecosystems (Colorado
Plateau and Rocky Mountains ecoregions of Arizona,
Colorado, New Mexico, Utah, and Wyoming)

e Timeline: Ongoing since 2021

e Strategies: Mapping native seed zones, restoration
with native seed

e Project Link: Seed for Intermountain Sagebrush

A Wyoming big sagebrush seedling with a long taproot, which is
necessary for resilience to drought conditions. Photo Credit: Tom
Koerner/USFWS. CC BY-SA 2.0.



https://www.nps.gov/articles/000/bil-er-intermountain-sagebrush.htm

CLIMATE ADAPTATION:

Shrub and Grassland Ecosystems

WHAT IT MEANS: In shrublands, climate change
is expected to favor non-native invasive grasses
and forbs, such as cheatgrass (Bromus tectorum
L.), medusahead (Taeniatherum caput-medusae),
and ventenata (Ventenata dubia) (McMahon et al.
2021). Protecting high-integrity sagebrush habitat
(areas with abundant sagebrush, native
understories, and minimal impacts from invasive
species and human modification) enhances
overall ecosystem resilience by protecting
remaining intact sagebrush steppe. This strategy
accepts that heavily ‘invaded’ landscapes are likely
to remain dominated by invasive annuals, and
resists invasion in high priority core areas.
Proactive management strategies, such as native
reseeding and prescribed burning, can be tailored
for each priority habitat area designated for
protection.

WHY IT WORKS: Defend the core, grow the core’
maintains areas of higher quality habitat that
host native perennials and shrubs for fauna that
use sagebrush ecosystems. Efforts focused on
more intact, less ‘invaded’ shrublands have the
potential to increase habitat connectivity,
improve climate change refugia, accommodate
species dispersal and range shifts, and are more
likely to be effective and cost efficient.

FINDING THE SCIENCE:

Maestre et al. 2022. Annu Rev Ecol Evol Syst.

Defending rangeland core habitat from annual

grass conversion includes:

e Reducing exposure to annual grass seed
sources

e Improving resilience and resistance by
promoting perennial plants

e Building capacity to adapt to changing
conditions
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Doherty et al. 2022 Conservation Design

e |dentifying core sagebrush areas helps
prioritize resources and focus restoration
efforts where they can increase resilience.

e Targeted restoration contributes to stabilizing
the remaining sagebrush core from further
fragmentation and degradation and improves
habitat quality, connectivity, and climate
change refugia.

SAGE GROUSE INITIATIVE

DESCRIPTION: Climate change, along with land use
practices and agricultural development, contributes to
habitat loss of the greater sage-grouse. The Sage Grouse
Initiative, part of Working Lands for Wildlife, is a voluntary
conservation program designed to benefit agricultural
producers and wildlife species that depend on sagebrush
for habitat. It is a partnership between the USDA, NRCS
and agricultural producers that leverages the Farm Bill to
incentivize conservation efforts that simultaneously
improve agricultural productivity and wildlife habitat. The
program directs resources to where they can be most
effective and relies on science-based strategies to improve
habitat resilience.

AT A GLANCE:

e Goals: Conserve at-risk wildlife, increase intact and
resilient grasslands and sagebrush steppe, reduce
conflict among land uses, incentivize voluntary
conservation, support agricultural producers

e Location: This large land conservation effort covers 11
western states, including Washington, Oregon, Idaho,
and Montana.

e Timeline: Ongoing since 2010

e Strategies: Increase resilience of sagebrush habitat and
wildlife species that depend on sagebrush, improve
habitat quality, increase habitat connectivity, support
agricultural productivity.

e Project Link: Sage Grouse Initiative

Greater Sage Grouse, is threatened by invasive species and climate
change, including changes related to droughts, wildfires. Photo
Credit: Peter Olsoy



https://www.wlfw.org/wildlife/sage-grouse/about-the-initiative/

CLIMATE ADAPTATION:

Shrub and Grassland Ecosystems

Managing Fuels

WHAT IT MEANS: Changing vegetation
composition, including from the introduction and
spread of invasive species, has altered the
abundance and arrangement of fuels in
sagebrush ecosystems. These changes, along
with a warmer drier climate, are increasing the
frequency, size, and severity of wildfires. Methods
to manage fuels in sagebrush ecosystems include
mechanical, chemical, biological and fire
treatments. These fuel treatments are intended
to reduce the behavior, spread, and severity of
fire. Treatment selection depends on ecosystem
conditions and management objectives. Multiple
treatments can be used in combination to
achieve desired levels of fuel reduction.

WHY IT WORKS: Most species of sagebrush are
not fire-adapted and the development of mature
sagebrush ecosystems can take decades after
fire. Prior to the invasion of nonnative grasses,
fire exclusion, and human-caused climate change,
the amount of fuel varied spatially in these
ecosystems creating patches that limited fire
spread and severity (Bukowski and Baker 2013).
Fuel treatments reduce fuel loading and breakup
fuel continuity so that wildfires will have
heterogeneous effects. This increases the
sagebrush ecosystem resilience and resistance to
changing fire regimes and decreases potential for
vegetation type conversion following fire.

FINDING THE SCIENCE:

Shinneman et al. 2023, Ecol. App.

A review of fuel treatments effects and intended
benefits in sagebrush ecosystems that considers
the Resist-Accept-Direct (RAD).

e 'Resist’ strategies include reducing expansion
of woodland species or implementing fuel
breaks that protect intact sagebrush habitat.

e 'Accept’ strategies include de-prioritizing
cheatgrass-dominated areas and prioritizing
high-integrity core habitat.

e ‘Direct’ strategies focus on creating diverse
plant communities of native fire-adapted
grasses and shrubs that are better suited to a
changing climate with the goal of reducing the
likelihood of conversion to systems dominated
by invasive species.

SAGEBRUSH STEPPE TREATMENT
EVALUATION PROJECT (SageSTEP)

DESCRIPTION: The SageSTEP project investigates the
long-term ecological impacts of fuel treatments in
sagebrush steppe and juniper woodlands across the
intermountain west. Fuel treatments were implemented
across a network of sites from 2005-2010, including
prescribed burns, mowing and herbicide application, and
mechanical treatments (chainsaw and mastication
treatments). Short-term effects on ecosystems were
evaluated, specifically effects on cheatgrass invasion and
woodland encroachment. Long-term monitoring began in
2011 with the goal of measuring ecosystem effects for up to
25 years post-treatment to understand climate change
influences on vegetation, wildlife, and treatment
effectiveness.

AT A GLANCE:

e Goals: Evaluate fuel treatments in sagebrush steppe that
are intended to minimize cheatgrass invasion and
woodland expansion.

e Location: The Great Basin region in six states, California,
Idaho, Nevada, Oregon, Utah and Washington

e Timeline: Fuel treatments were implemented over 5
years. Long-term monitoring of the project began in 2010
and is expected to last 25 years.

e Strategies: Managing fuels, increasing shrubland
resilience, minimizing invasive species, reducing woody
plant encroachment

e Project Links: SageSTEP Project Page

A sagebrush plot included in SageSTEP before before a mowing
treatment is applied. Photo Credit: SageSTEP CC BY-SA 2.0



https://sagestep.org/

CLIMATE ADAPTATION:

Shrub and Grassland Ecosystems

WHAT IT MEANS: Maps of seed zones can help
managers determine where species may be
planted with low risk of being poorly adapted to
the local climate conditions. Seed transfer
guidelines assist with selecting plants that are
adapted to a specific restoration site. Mapping
seed zones based on climate-driven plant
adaptations improves seed sourcing. However,
most seed zone maps do not consider climate
change. Future maps and guidelines that consider
species-specific adaptive capacity and incorporate
local knowledge of microclimates can increase
restoration success. Seed zones can be used to
indicate how plants will respond to future
changes in the climate and guide assisted
migration. Iterative mapping of seed zones allows
for recognizing shifts in species ranges.

WHY IT WORKS: Native shrub and grassland
species are adapted to different ecological niches
and exhibit phenotypic plasticity and intraspecific
variation in survival, seed production, and plant
size (Chaney et al. 2016) such as climate-driven
genetic differences among sagebrush
populations. Such variations allow for adaptation
to future climates. Using seed zones to select and
plant seeds increases restoration success because
these seeds may be better adapted for future
climates, increase genetic diversity, adaptive
capacity, and the ability of a species to persist
despite climate change stressors.
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FINDING THE SCIENCE:
Baughman et al. 2022. Rangeland

e Areview of the history and current trends of
using native plants in seed-based restoration of
sagebrush steppe ecosystems.

e Suggestions to improve the success of native
plant restoration.

Bower et al. 2014. Ecological App.

e Seed zones for native plants across the US
based on minimum winter temperatures and
aridity.

e Seed zones can be used as guidelines for seed
transfer distances.

Summary for Managers: Seeding Big Sagebrush
Successfully on Intermountain Rangelands

MORE ADAPTATION RESOURCES:

) TRAINING FOR GRASSLANDS CONSERVATION

PRACTITIONERS

This training series for grasslands conservation
practitioners was developed by the South Central
CASC, in partnership with the USFWS, and the
Northwest, North Central, and Midwest CASCs. It
includes video presentations and activity sheets that
discuss climate impacts and adaptation in western
US grassland ecosystems.

Resource Link: Training for Grasslands Conservation
Practitioners — South Central CASC

() TRAINING FOR SAGEBRUSH CONSERVATION

PRACTITIONERS

This training series for sagebrush conservation
practitioners was developed by the South Central
CASC, in partnership with the USFWS, and the
Northwest, North Central, and Midwest CASCs. It
includes video presentations and activity sheets that
discuss climate impacts and adaptation in western
US sagebrush ecosystems.

Resource Link: Training for Sagebrush Conservation
Practitioners — South Central CASC

(» CLIMATE CHANGE VULNERABILITIES AND

ADAPTATION STRATEGIES FOR LAND MANAGERS ON
NORTHWEST US RANGELANDS

This publication from Maher et al. 2024 synthesizes
key climate change vulnerabilities and adaptation
options for Northwest rangelands.

Resource Link: Climate Change Vulnerabilities and
Adaptation Strategies for Land Managers on Northwest US
Rangelands - ScienceDirect

() GREATER SAGE-GROUSE HABITAT AND

CONNECTIVITY IN A CHANGING LANDSCAPE AND
CLIMATE

This includes models of habitat suitability and
connectivity for greater sage-grouse in the Columbia
Basin. Models predict the best remaining habitat
given the current landscape condition and climate.

Resource Link: Greater Sage-Grouse Habitat and
Connectivity in a Changing Landscape and Climate Climate

Impacts Group



https://www.wlfw.org/seeding-big-sagebrush-successfully-on-intermountain-rangelands/
https://www.wlfw.org/seeding-big-sagebrush-successfully-on-intermountain-rangelands/
https://southcentralclimate.org/resources/webinars-workshops/training-for-grasslands/
https://southcentralclimate.org/resources/webinars-workshops/training-for-grasslands/
https://southcentralclimate.org/resources/webinars-workshops/training-for-sagebrush-conservation-practitioners/
https://southcentralclimate.org/resources/webinars-workshops/training-for-sagebrush-conservation-practitioners/
https://www.sciencedirect.com/science/article/pii/S155074242400068X#bib0203
https://www.sciencedirect.com/science/article/pii/S155074242400068X#bib0203
https://www.sciencedirect.com/science/article/pii/S155074242400068X#bib0203
https://cig.uw.edu/projects/greater-sage-grouse-habitat-and-connectivity-in-a-changing-landscape-and-climate/
https://cig.uw.edu/projects/greater-sage-grouse-habitat-and-connectivity-in-a-changing-landscape-and-climate/
https://cig.uw.edu/projects/greater-sage-grouse-habitat-and-connectivity-in-a-changing-landscape-and-climate/

CLIMATE EFFECTS: SHRUB AND GRASSLAND ECOSYSTEMS
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