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About This Series

This report is published as one of a series of technical inputs to the Third National Climate 
Assessment (NCA) report. The NCA is being conducted under the auspices of the Global Change 
Research Act of 1990, which requires a report to the President and Congress every four years 
on the status of climate change science and impacts. The NCA informs the nation about already 
observed changes, the current status of the climate, and anticipated trends for the future. The NCA 
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sustainable and environmentally sound plans for the nation’s future. 
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report. In particular, the eight NCA regions, as well as the Coastal and the Ocean biogeographical 

its own process for developing this technical input. The lead authors for related chapters in the 
Third NCA report, which will include a much shorter synthesis of climate change for each region, 
are using these technical input reports as important source material. By publishing this series of 
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About this Report

-

-

As an assessment, this report aims to be representative (though not exhaustive) of the 

science, impacts, and adaptation literature available at this point in time.

-

-

-

Third NCA and (2) expanded on and added to forming the present report. 

-
ington, and Idaho; (2) a resource for adaptation planning, (3) a more detailed, foun-

Organization of This Report

-

-

the report is organized by sectors of economic and cultural importance that are especial-
ly vulnerable to impacts of climate change. Key climate impacts and their consequences 



resources and ecosystems (Chapter 3), coastal communities and ecosystems (Chapter 4), 
forest ecosystems (Chapter 5), agriculture (Chapter 6), human health (Chapter 7), and 
tribal communities (Chapter 8).
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Executive Summary

AUTHORS 
Meghan M. Dalton, Jeffrey Bethel, Susan M. Capalbo, J. E. Cuhaciyan,  
Sanford D. Eigenbrode, Patty Glick, Laurie L. Houston, Jeremy S. Littell, Kathy Lynn, 
Philip W. Mote, Rick R. Raymondi, W. Spencer Reeder, Sarah L. Shafer, Amy K. Snover

Chapter 1 Introduction: The Changing Northwest

The Northwest’s climatic, ecological, and socioeconomic diversity set the stage for a 
diverse array of climate impacts, many of which will be united by their dependence 
on availability of water and other natural resources. (Section 1.1)

east side. In addition, the thousands of miles of NW coastline support a variety of coastal 

Figure 1.1 The Northwest, comprising 
the states of Washington, Oregon and 
Idaho and including the Columbia River 
basin (shaded).



and spiritual traditions that are inseparable from the landscape and environmental con-
 

-
-

distribution, economic and cultural dependence on natural resources, current ecological 

consequences of a changing climate.

Key regionally consequential risks in the Northwest include impacts of warming on 
watersheds where snowmelt is important, coastal consequences of sea level rise com-

forest ecosystems. (Section 1.2)

-
-

this report focuses on three climate-sensitive sectors of regional importance: agriculture, 
-

This assessment of climate change in the Northwest reveals a familiar story of climate 
impacts, but highlights new details at multiple scales considering multiple interact-
ing drivers of change and vulnerabilities resulting from human choices throughout 
time. (Section 1.3.1)

 
-

impacts on the region and development of appropriate adaptive responses. Considering 
multiple drivers of change and their interactions is also necessary as some of the largest 

-
nant of current social and ecological vulnerability to climate; understanding these causal 

vulnerability.

The Northwest has been a leader in applied regional climate impacts science since 
the 1990s, and the region’s resource managers, planners, and policy makers have been 
early engagers in climate change issues. This report provides a solid foundation for 
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throughout the region. (Section 1.3.2)
-

-
tive actions, and ultimately implementing, monitoring, and evaluating the selected ac-

in various stages of climate change adaptation, including state-level climate change 

moved beyond planning to implementation.

Chapter 2 Climate: Variability and Change in the Past  
and the Future

Variations in solar output, volcanic eruptions, and changes in greenhouse gases all 

Global surface temperature is governed by the balance at the top of the atmosphere 
 

vapor, CO2
amount escaping to space. Changes in these infrared–absorbing gases (or more com-
monly, greenhouse gases) force a change in the energy balance of the climate system,  

2 changes being the dominant factor. Other important factors include changes in 
solar output and volcanic eruptions. Variations in solar output are partially responsible 
for changes in the past climate, but play a small role in climate changes today. Large vol-

particles spread throughout the upper atmosphere. 

 
local factors, such as the El Niño-Southern Oscillation and mountain ranges. (Sec- 
tion 2.2)

regional and local climate variability and change are the natural variability of atmo-

ranges, results in large changes in temperature and precipitation over relatively short 
distances.

During 1895–2011, the Northwest warmed approximately 0.7 °C (1.3 °F) while precipi-
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exceeded the 20th

has not been a clear overall increase or decrease in average precipitation over the 20th 
century. The observed changes in temperature include contributions from both natural 

-

changes from human activities.

Northwest during 1901–2009, but observed changes in extreme precipitation are am-
biguous. (Section 2.3)

-

-

increases of 10–20%.

State-of-the-art global and regional climate modeling provides a consistent basis for 
understanding projections of future climate and related impacts in the Northwest. 
(Section 2.4)

The Northwest is expected to experience an increase in temperature year-round with 

of models projecting decreases for summer and increases during the other seasons. 
(Section 2.4.1)

a). All 
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Measures of temperature and precipitation extremes are projected to increase in the 
Northwest. (Section 2.4.2)

-

-

-
creases by 35 days (± 6). Future changes in precipitation extremes are more certain than 

and 13% (-5 to +28%), respectively, by mid-century.

Chapter 3 Water Resources: Implications of Changes  
in Temperature and Precipitation 

Changes in precipitation and increasing air temperatures are already having, and will 
-

west. (Section 3.1)
-
-

-

Figure 2.5. (a) Observed (1950–2011) and simulated 
(1950–2100) regional mean annual temperature for 
selected CMIP5 global models for the RCP4.5 and 
RCP8.5 scenarios.
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-

an additional challenge to reservoir system managers as they strive both to minimize 

-
cline, but winter hydropower generation may increase. (Section 3.3.2)

 
-
-

Figure 3.3. Simulated monthly streamflow hydrographs for the historical baseline (1916–2006 average, 
black) and the 2020s (blue), 2040s (yellow), and 2080s (red) under the SRES-A1B scenario of continued 
emissions growth peaking at mid-century (after Elsner et al. 2010) for three representative watershed 
types in the Northwest, namely rain dominant (Chehalis River at Porter, top), mixed rain-snow (Yakima 
River at Parker, center), and snowmelt dominant (Columbia River at The Dalles, bottom).
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Reduced water supply combined with increased water demands in the summer could 
lead to water shortages, reducing the proportion of irrigable cropland and the value of 
agricultural production. (Section 3.3.1)

-
sin and poses the greatest demands on regional reservoir systems. Warmer, drier sum-

-
igate the shortage. Some evidence also suggests that increased atmospheric CO2 concen-

of drought.

Floodplain and municipal water supply infrastructure are vulnerable to projected in-

-

-
tions for salmon and other aquatic species. (Section 3.3.5)

the health of and the extent of suitable habitat for many other aquatic species. Salmonids 
and other species that currently live in conditions near the upper range of their thermal 
tolerance are particularly vulnerable to higher stream temperatures, increasing suscep-

-
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-
age. (Section 3.3.6)

-

Chapter 4 Coasts: Complex Changes Affecting the Northwest’s 
Diverse Shorelines

Sea level along the Northwest coast is projected to rise 4–56” (9–143 cm) by 2100, with 

st century 

locations, such as the Olympic Peninsula, at nearly the same rate as sea level rise result-

coast range from 4 to 56 in (

heights in recent decades may have been a dominant factor in the observed increased 
 

12 in (30.5 cm) during an El Niño event, compounding impacts of sea level rise, but it 
-

quency may change in the future.

shells and skeletons, which could alter key ecological processes, threatening our 

Anthropogenic additions of CO2
-

-

-

for marine species, several recent research initiatives have focused on identifying the 
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Executive Summary             xxvii

highly variable, are likely to increase in the future, causing shifts in distribution of 
marine species and contributing to more frequent harmful algal blooms. (Sections 4.4, 
4.5.2)

-

during El Niño events. One study found that long-term climate change, rather than cli-

st -

Coastal marine ecosystems in the Northwest provide important habitat for a diverse 
range of species. Coastal changes, such as sea level rise, erosion, and saltwater intru-
sion, could lead to loss or decline of some habitats, with impacts varying along the 
coast. (Section 4.5.1, Fig. 4.2.b)

-
ment) are highly vulnerable to sea level rise and coastal erosion, threatening the loss of 

-

-

level rise could reduce the extent of certain coastal marshes and riparian habitat used 

coastal plant and animal species unable to tolerate such increases. Some coastal habitats 
may be able to accommodate moderate rates of sea level rise by migrating inland, pro-

though the degree of potential impacts will vary. (Section 4.6.1)



About 2800 miles of roads in Washington and Oregon coastal counties are in the 

-

high tide and storm events.

Northwest coastal cities face multiple climate impacts and risks, including sea level 

climate-related risks and vulnerabilities. (Section 4.6.2, Box 4.1)

and storm surge and is developing adaptation options. The City of Olympia is similarly 

Figure 4.6 Projected flooding of downtown Olympia with a 100-year water level and 127 cm (50 in) of 
sea level rise. Redrawn from Coast and Harbor Engineering (2011).
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-
tory responses, and incorporating sea level rise response in their comprehensive plan-

-
-

Climate driven changes in ocean conditions may have important economic impacts 

-

-
-

2000 to 2009.

Chapter 5 Forest Ecosystems: Vegetation, Disturbance,  
and Economics

The spatial distribution of suitable climate for many important Northwest tree spe-
cies and vegetation types may change considerably by the end of the 21st century, and 
some vegetation types, such as subalpine forests, will probably become extremely 
limited. (Section 5.2)

-

-

decline and have limited potential to migrate upslope, resulting in potential loss of these 

disturbances is expected to increase in most forests.
 
Grasslands in some areas may expand under warmer and drier conditions, while 
sagebrush steppe habitat may transition to other vegetation (woodland or even forest) 
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-
tivity and expansion of invasive species will also determine the response of these 
systems to climate change. (Box 5.1)

Grassland and shrubland systems have already declined through land use and man-

-

-

grouse that depend on them for feeding, nesting, and protection. 

and the interactions between them, will dominate changes in forest landscapes over 
the coming decades. (Sections 5.3, 5.3.4)

-

st century, climate change impacts on plant pro-

services.

Fire activity in the Northwest is projected to increase in the future in response to 

One study estimated that the regional area burned per year will increase by roughly 
900 sq. mi. by the 2040s. (Section 5.3.1)

-

abnormally high area burned may become more frequent in the future: the chance of a 

Recent mountain pine beetle and other insect outbreaks were facilitated by higher-
than-average temperatures and drought stress, and the frequency and area of such 
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outbreaks is expected to increase, particularly in high-elevation forests. Certain forest 

future. (Sections 5.3.2, 5.3.3)

drought can cause host trees to be more vulnerable to insects, leading to higher tree mor-

survival of forest pathogens, but the climate-disease relationship is unclear for many 

increased spring precipitation in the Oregon Coast Range have contributed to an in-

to have a greater impact in the future.

While the Northwest’s forest economy is sensitive to climate changes, federal and 
state policies governing management and harvest have and will continue to impact 
the net returns to this sector, and the magnitudes of the impacts from policy changes 

The sustainability, net returns, and long-term future of the forest economy depend on 
the interaction of climate factors and management practices and policies. In the North-

Figure 5.7. Areas of recent fire and insect 
disturbance in the Northwest.
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declining global prices and reduced net returns to timber producers. Timber yield losses 
-

-

Range; the dominant commercial species east of the Cascade Range, ponderosa pine,  

Tourism and recreation on publicly owned lands (about two-thirds of Northwest for-

climate change. (Section 5.4.1.3)

-

-

by climate change. (Section 5.4.1.4)
Valuing changes in these ecosystem goods and services is based on demand for these 

-

-

household per year). 

(Section 5.4.2)
-

-
-

change may exacerbate existing stressors to natural systems.
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Chapter 6 Agriculture: Impacts, Adaptation,  
and Mitigation

Agriculture is important to the Northwest’s economy, environment, and culture. Our 
region’s diverse crops depend on adequate water supplies and temperature ranges, 
which are projected to change during the 21st century. (Sections 6.1, 6.2, 6.3)

-
tureland comprise about one-quarter of NW land area, and farming and ranching have 

st

-

Projected climate changes will have mixed implications for dryland crops. Warmer, 
drier summers increase risks of heat and drought stress. At the same time, warmer 
winters could be advantageous for winter wheat and other winter crops, and in- 
creases in atmospheric CO2 can improve yields at least until mid-century (Section 
6.4.1.1)

Dryland cereal-based cropping systems occur mainly in the semiarid portion of cen-
tral Washington and the Columbia Plateau of northeastern Oregon and northern Ida-

-

2

mid-21st century across several locations in Washington.

Irrigated crops are vulnerable to higher temperatures and projected water shortages 
from increasing demands and reduced supplies; potato yields are generally projected 
to increase with increasing atmospheric CO2 to mid-century and decline to levels simi- 
lar to or substantially below current yields by end of century. (Section 6.4.1.2)

-
-

-

2 fertilization, losses may only 
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and quality. Tree fruits, most of which are produced with irrigation, are vulnerable 
to projected reduction in water supplies. Increased CO2 -
gated apple production is projected to increase 9% by the 2040s. (Section 6.4.2.1)

-

2 fertilization is included. In addition, early budding 

supplies in some locations.

Northwest wine regions are already seeing an increase in the length of the frost-free 
period and warmer temperatures, which could adversely impact this growing indus-
try. (Section 6.4.2.2)

century, other varietals may become viable or more favorable in Oregon and Washing-
ton, although the cost of replacing long-lived vines must be considered.

Warming may reduce the productivity and nutritional value of forage in rangelands 
and pastures, though alfalfa production may increase as long as water is available. 

Figure 6.3. Northwest agricultural 
commodities with market values shown 
in $ (billion) in 2007. Potential effects of 
climate change on these sectors, if any 
have been projected, are shown.

xxxiv Executive Summary



-
2 concen-

trations. Climate change in rangeland systems may alter pressure from invasive species 
leading to degradation. Decreased availability, nutritional quality, and digestibility of 

2

reducing the economic value of these products. 

Agriculture is both impacted by and contributes to climate change. There are oppor-
tunities to reduce Northwest agriculture’s contribution to climate change. (Box 6.1)

nitrous oxide production and release to the atmosphere (nitrous oxide is a greenhouse 
gas), and capturing methane emissions from manure. Mitigation strategies may have co-

Northwest agriculture may be well positioned to adapt autonomously to climate 

conditions and the relatively moderate projected impacts for the Northwest region. 
(Section 6.5)

-
-

irrigation-dependent regions, and some economic, environmental, and energy policies. 

Chapter 7 Human Health: Impacts and Adaptation

While the potential health impact of climate change is low for the Northwest rela-
tive to others parts of the United States, key climate-related risks facing our region 

-
-

-

pollution and allergenic disease exacerbation, and emergence of infectious diseases.
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Average temperatures and heat events are projected to increase in the Northwest with 
an expected increase in incidence of heat-related illness and death (Section 7.2.1)

-

events are expected to increase the incidence of heat-related illnesses (e.g., heat rash, 

are especially vulnerable to heat-related illnesses.

People in the Northwest are threatened by projected increases in the risk of extreme 

-

supply and increase food prices, threatening food insecurity, especially for the poor and 
-

declarations across the country, including counties in Oregon and Idaho. 

Climate change can have a negative impact on respiratory disorders due to longer and 
-

-
son and increase pollen production. Greater CO2 concentrations can also heighten the 

-
-

st

could exacerbate respiratory disease. 

Changes in climate can potentially impact the spread of vector-borne, water-borne, 
and fungal diseases, raising the risk of exposure to infectious diseases. (Section 7.2.4)

-
Vibrio parahae-

molyticus 
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Cryptosporidium in 

poisoning in humans. (Section 7.2.5)
The frequency, intensity, and duration of harmful algal blooms appear to be increas-

of a climate event, the uncertainty of the future, or the loss of control over a situation can 
result in feelings of depression or helplessness.

Public health practitioners and researchers in the Northwest are actively engaging lo-

Figure 7.2. Change in summer averaged daily 
maximum 8-hr ozone mixing ratios (ppbv) 
between a future case (2045–2054) and base 
case (1990–1999) based on future climate from 
a model forced with the continued growth 
emissions scenario (SRES-A2). Changes in 
ground-level ozone are due to global and local 
emissions, changes in environmental conditions 
and urbanization, and increasing summer 
temperatures. Adapted from Chen et al. (2009).
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are needed to engage a greater number of communities and build our understanding 

in numerous adaptation activities to address the potential impact of climate change on 
human health by developing public health adaptation resources, integrating planning 
at various government levels, and creating programs to monitor and respond to public 

-

including accurate surveillance data on climate-sensitive health and environmental 
indicators.

Chapter 8 Northwest Tribes: Cultural Impacts and Adaptation 
Responses

Northwest tribes are intimately connected to the land’s resources, and are tied to their 
homelands by law as well as by culture. The impacts of climate change will not recog-
nize geographic or political boundaries.  (Sections 8.1, 8.2)

-

-

as salmon. (Section 8.3.1, Box 8.1)

-

ceremonial, commercial, and subsistence uses. Past land-use practices have resulted in 

-
-

ing stressors and those added by climate change. 
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-
crease in the vertical extent of the California mussel in the Strait of Juan de Fuca. 

Tribal coastal infrastructure and ecosystems are threatened by sea level rise, storm 
surge, and increasing wave heights. (Section 8.3.3)

-

coastal habitat to shift inland (to limit habitat loss from sea level rise) and maintaining 
space for land-based needs and infrastructure. 

(Section 8.3.4)
 

economic, and community health of tribes. Compounding impacts from forest distur-

Figure 8.2. Treaty Ceded Lands. Washington State Historic Tribal Lands (Tribal Areas of Interest. Wash- 
ington Department of Ecology)
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There are numerous tribes in the region pro-actively addressing climate change and 
bridging opportunities with non-tribal entities to engage in climate change research, 
assessments, plans, and policies. (Section 8.4)

-
novation in developing a tribal climate change impacts assessment and adaptation plan. 

interrelated changes in local ecosystems due to climate change. The Suquamish Tribe 

and carbon sequestration. 

-
cluding understanding the role of traditional ecological knowledge in climate initia-
tives and improving the government-to-government relationship. (Section 8.5)

-
-

species and habitat migration, and implementation of adaptation and mitigation strate- 

government-to-government relationships is important in order to protect tribal rights 

and federal-tribal partnerships.
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Chapter 1 

Introduction
The Changing Northwest 

AUTHORS 
Amy K. Snover, Patty Glick, Susan M. Capalbo

 

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_1, © 2013 Oregon Climate Change Reasearch Institute 
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Figure 1.1  
The Northwest, 
comprising 
the states of 
Washington, 
Oregon and Idaho 
and including the 
Columbia River 
basin (shaded).
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1.1 Regional Introduction: The Physical, Ecological,  
and Social Template 



4 CLIMATE CHANGE IN THE NORTHWEST
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Figure 1.2 The population of the Northwest is concentrated west of the Cascades, along the Interstate 
5 corridor in the Puget Sound lowlands of Washington and the Willamette Valley of Oregon. Data 
source: US Census Bureau, www.census.gov, accessed May 2, 2013.
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Washington Montana

IdahoOregon

Figure 1.3 Northwest land ownership. Data sources: State lands–Interior Columbia Basin Ecosystem 
Management Plan, ICBEMP.gov; Federal and tribal lands–USGS, National Atlas, NationalAtlas.gov.  



  Introduction 7

 

 

 

Box 1.1
Assessing the Economic Impacts of Climate Change:  

A Commentary and Challenge 
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So where do we stand?  

 

 

 

Box 1.1 (Continued)
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1.2 A Focus on Risk

all 
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likelihood x consequence

regionally consequential  
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adaptation

1.3 Looking Toward the Future
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Familiar Story, New Details.

No “One-Size-Fits-All”: Understanding and Preparing for Climate Change Requires Analy-
sis at Multiple Scales.

 
 

Interacting Drivers of Change Must be Considered
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2

Our Choices Shape Our Vulnerability

 

Mitiga-
tion 

Adaptation 
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Local: 

Figure 1.4 The phases and associated components of 
climate change adaptation, as an iterative cycle. Most 
adaptation efforts within the Northwest are within the 
“understanding” or “planning” phases; few have moved 
into “management”. Figure source: Moser and Ekstrom 
(2010).
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State: 

 

 

Federal: 

Tribal:  

 

 

1.4 Conclusion
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Chapter 2 

Climate
Variability and Change in the Past and the Future

AUTHORS 
Philip W. Mote, John T. Abatzoglou, and Kenneth E. Kunkel

2.1 Understanding Global and Regional Climate Change

The climate system receives energy from the Sun—mostly in the form of visible light—
and balances this energy by radiation of infrared, or heat, energy back to space. Global 

-

is largely determined by changes at the surface and by clouds and particles in the at-

clouds and certain trace gases that absorb outgoing infrared energy and are common-
ly called greenhouse gases. In order of global importance to the energy balance, these 
greenhouse gases include water vapor, carbon dioxide (CO2), methane (CH4), ozone, 

-
mosphere tend to remain there for decades and their concentrations are fairly similar 
throughout the world; important exceptions are water vapor and ozone, which are con-
trolled by a variety of faster processes and therefore have larger variations across the 
globe and change faster in time. 

Human activities in the industrial era have directly and substantially increased the 
-

tirely man-made. Observed changes in carbon dioxide account for about 63% of the ra-

2007). Water vapor and ozone are also responding to human activity: tropospheric ozone 
has increased because of air pollution, especially nitrogen compounds, even as strato-

surface temperature, so it has an important feedback that is part of the climate system 
response to rising long-lived greenhouse gases.

Changes in the sun’s energy output and volcanic eruptions are the most important 
natural external forcings of climate. Changes in solar activity may be partly responsible 

th th centuries and for the warming early in the 20th century, 

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_2, © 2013 Oregon Climate Change Reasearch Institute 
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changes cannot be responsible for the large increase in global temperatures during the 

-

Volcanic emissions include sulfur dioxide, which turns into sulfuric acid particles 
-

tudes stratospheric air is gradually sinking and the volcanic emissions are pushed into 

particles.
In understanding causes of changes in global or regional climate, scientists often 

distinguish between processes external to the climate system and processes internal to 
the climate system. External processes include solar and volcanic forcings and the long-

albedo related to vegetation or snow cover, and clouds. In addition, atmospheric and 

-

averages are usually much larger than the global average. 

2.2 Past Changes in Northwest Climate: Means

the mean annual maximum temperature and precipitation. Note the strong rain shadow 

especially a phenomenon known as El Niño-Southern Oscillation (ENSO). ENSO in-
volves linked variations in the atmosphere and ocean in the equatorial region of the 

-
derstorms, so that the heaviest precipitation tends to occur with highest sea surface 
temperatures (SSTs). In a developing El Niño event, wind forcing or other factors may 
disrupt the normal distribution of SST, winds, and precipitation in such a way that the 
warm water and the heavy precipitation move eastward: warm SST anomalies appear 

-

-

fades during northern hemisphere spring. El Niño events, which occur irregularly with 
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a frequency of once per 2–7 years, are occasionally followed by a roughly opposite 

-

toward southern California. Consequently winter and springs in the Northwest 

only very weak relationships with ENSO.

Temperature

Precipitation

Figure 2.1 Distribution of annual mean (1981–2010) 
maximum temperature (top) and precipitation (bottom) 
from the PRISM data (Daly et al. 1994, updated; 
www.prism.oregonstate.edu). 
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th

th th -

evidence of decadal persistence. In addition, Newman et al. (2003) show that the best 

Temperatures in the Northwest have generally been above the 20th century average 
th century 

years over the entire period of record have occurred recently, and the low-frequency 

-
sional appearance of negative trends over short periods of record can be explained as a 
statistical consequence of trends that are, over short periods, small relative to variability 

Oct-Mar temperature
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cool                 neutral               warm
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Oct-Mar precipitation
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Figure 2.2 Box-and-whisker plots showing the influence of 
ENSO on the Northwest’s cool-season climate (data are area-
averaged by NOAA Climate Divisions for 1899–2000) (Mote 
et al. 2003). For each column, years are categorized as cool, 
neutral, or warm based on the Niño 3.4 index. For each climate 
category, the distribution of the variable is indicated as follows: 
range, whiskers; mean, horizontal line; top and bottom of box, 
75th and 25th percentiles. The dashed line is the climatological 
mean.



  Climate 29

atmospheric and oceanic circulation including ENSO conspiring to produce cooler than 

 

precipitation variability is connected to anthropogenic climate change. The sign of linear 
trends has changed over time, and there is no starting year for which the trend is statisti-

 
 

NW temperature
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Figure 2.3 Annual mean temperature in the Northwest (Washington, Oregon, and Idaho) calculated 
from US Historical Climate Network data Version 2 (USHCN V2) using the Climate at a Glance utility 
from the National Climatic Data Center, for period of record 1895–2011. The smooth curve is computed 
using locally weighted regression. The bottom panel shows the slope of the linear fit to the data from 
starting years between 1895 and 2001, all with ending year 2011, along with the 5–95% confidence 
limits in the slope (shaded area).
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uted to atmospheric circulation anomalies associated with ENSO and other recurrent  
 

portion of the variability in winter and spring precipitation is also associated with at-
-

house gases and other factors, on a spatial scale this small, has not been done; Mote and 
th century warming trend in the Northwest from 

(in review) performed statistical analysis to identify the relationships between NW sea-

-

and that after accounting for natural factors, the remaining trends are roughly consistent 
with anthropogenic forcing.

2.3 Past Changes in Northwest Climate: Extremes

-

NW precipitation
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Figure 2.4 As in figure 2.3 but for precipitation.
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-
age minimum temperature over three consecutive days. Computing trends or long-term 

statistics, and having the events be extreme enough to be consequential. It is common to 
achieve robust statistics in part by aggregating results over a wide area, for example the 
Northwest. 

 

th percentile for June–September, after aggregating over sub-state spatial  

waves expressed as excessive daytime maximum temperatures, but a large increase 
-

Observed changes in extreme precipitation during the past several decades are am-
biguous; results depend on the period of record and the metric used. Groisman et al. 

th and 
th

 
sarily restricted to the very few stations with long and fairly complete records of hour-

-
 

the probability distribution, whereas extreme 24-hour storms decreased slightly for the 
th percentile and increased substantially at all higher percentiles.
These analyses indicate that changes in extreme precipitation have generally been 

2.4 Projected Future Changes in the Northwest

Numerous modeling groups around the world have developed global climate models 
(GCMs) and have contributed simulations to coordinated experiments such as the Cou-

-
ing comparable simulations of global climate. The purpose of providing coordination is 
to help scientists and others understand and quantify the uncertainty associated with 
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that are important but not completely understood (e.g., the response of cloudiness to 
-

ing groups. CMIP experiments specify a range of forcing factors that include changes in 
-

the range of CMIP results provides some guidance on the range of possible outcomes. 

other contributors to climate change), uncertainty in the response of the climate system 
-

els), and initial condition uncertainty (usually characterized using the spread of results 

addresses these three contributors to uncertainty.
 

the global physical consistency in GCMs along with the large number of simulations 
makes them a useful tool. We therefore describe below the results of two generations of 

ranges in the Northwest, regional climate models (RCMs) are another way to study re-
gional climate. Many simulations with RCMs have been performed for the Northwest at 

-
 

 

-
 

of an RCM driven by a GCM from CMIP3. Each simulation includes the periods of  

 
tivity is the superensemble being generated by climateprediction.net. To date, over 

-

perturbed) or in the initial conditions. Volunteers contribute time on their personal com-
puters to run the simulations. The domain is the western US, and the regional climate 

from the CMIP3. These results were analyzed for the Northwest by Mote and Salathé 
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be largest in summer. These ranges have been conditioned after considering the quality 
of model simulations (i.e., considering only models whose annual mean bias is less than 

-

-
tainties than those for temperature, yet one aspect of seasonal changes in precipitation is 

summers are already dry, unusually dry summers have many noticeable consequences 

-

st century, so are not di-

-

-

relative to the interannual variability (the standard deviation of the observed record is 

largest decreases in precipitation.
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-

temperature of the driving GCMs (top panel) is the same as the average of the full set 

Figure 2.5 (a) Observed (1950–2011) regional mean temperature and simulated (1950–2100) regional 
mean temperature for selected CMIP5 global models for the emissions scenarios RCP4.5 (dashed 
curves, dark shading) and RCP8.5 (solid curves, light shading). (b) Changes in annual mean and seasonal 
temperature (2041–2070 minus 1950–1999) averaged across the Northwest, calculated from CMIP3-
SRES and CMIP5-RCP simulations. Each symbol represents one simulation by one model (where more 
than one simulation is available, only the first is shown), and the shaded boxes indicate the interquartile 
range (25th to 75th percentiles). Means are indicated by thick horizontal lines in the boxes.

Figure 2.6 
As in figure 2.5 (b) except  
for precipitation.
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st

changes in temperature and precipitation that are larger in summer than other seasons, 

divided between increases and decreases, but in summer (especially toward the end of 

-
ing for land-atmosphere interactions at a smaller scale than can be represented at GCM 

in the Snake River basin, and warming in summer is smallest west of the Cascades con-

Table 2.1 Summary of results shown in figures 2.5 and 2.6, for RCP4.5 
and 8.5 only (labeled 4.5 and 8.5 in the table) for temperature (a) and 
precipitation (b). 

Temp Annual DJF MAM JJA SON

      

Pcp Annual DJF MAM JJA SON
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Figure 2.7 As in figures 2.5 and 2.6 but changes in annual mean temperature (a) and precipitation  
(b) for the time periods indicated, relative to the 1971–2000 reference period. Some of the same GCMs 
shown here appear also in figures 2.5 and 2.6, but with slightly different base reference periods. The 
2041–2070 period also includes results from NARCCAP, both the driving GCMs (grey) and the GCM-
RCM combinations (black).

Figure 2.8 Changes in  
temperature simulated  
with the NARCCAP  
ensemble.
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Climate models are unanimous that measures of heat extremes will increase and mea-

standard deviations of those variables. This indicates that although all measures are con-
sistent with an overall warming trend, the largest changes relative to the natural vari-
ability are occurring and will occur in variables measuring low temperature extremes.

throughout the Northwest in the number of days above every threshold. Note that al-
though the frequency of extremes rises in percentage with the magnitude of the extreme, 

also indicate increases in extreme precipitation in the Northwest for 20-year return pe-

Table 2.2 The mean changes in selected temperature variables for the 
NARCCAP simulations (2041–2070 mean minus 1971–2000 mean, for 
continued growth emissions scenario SRES-A2). These were determined 
by first calculating the derived variable at each grid point. The spatially 
averaged value of the variable was then calculated for the reference and 
future period. Finally, the difference or ratio between the two periods 
was calculated from the spatially averaged values (Kunkel et al. 2013).

 NARCCAP NARCCAP 
Variable Name Mean Change St. Dev. of Change
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Table 2.3 Mean changes, along with the standard deviation of selected 
precipitation variables from the NARCCAP simulations. As in table 
2.2, values are first calculated at each grid point and then regionally 
averaged.

 NARCCAP  NARCCAP 
Metric of extreme precipitation  Mean Change St. Dev. Of Change

#days with precip > 7.6 cm (3 in) +22% 22%

crcm ccsm
crcm cgcm3

hrm3 hadcm3
mm5 ccsm
rcm3 cgcm3

rcm3 gfdl

wrf ccsm

wrf hadcm3

mean

Figure 2.9 Changes in 20-year and  
50-year return period precipitation events 
in the Northwest from NARCCAP data 
(model combinations indicated in legend). 
Adapted from Dominguez et al. (2012).
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Chapter 3 

Water Resources
Implications of Changes in Temperature and Precipitation 

AUTHORS 
Rick R. Raymondi, Jennifer E. Cuhaciyan, Patty Glick, Susan M. Capalbo,  
Laurie L. Houston, Sarah L. Shafer, Oliver Grah

3.1 Introduction

Climate projections indicate that the Northwest (NW) will experience temperature in-
creases in both cool and warm seasons and a reduction in summer precipitation with 
increases in fall and winter precipitation (Mote and Salathé 2010; see Chapter 2). Also, 
there has been an observed trend of increasing variability in cool season precipitation in 

-
-

et al. 2010), and water quality. Changes in the seasonality and variability of tempera-
ture and precipitation have important consequences for the regional economy because 

climate change on hydrologic systems may require adaptation initiatives and measures 

and temporal-variability. The magnitude and spatial distribution of future temperature 

-

al. 2003). Hydrologic response will depend upon a watershed’s dominant form of pre-
cipitation as well as other local characteristics including elevation, aspect, geology, vege- 
tation, and changing land use (Mote et al. 2003; Safeeq et al. 2012). Safeeq et al. (2012) 

st 

et al. 2013). Figure 3.2 shows the historical distribution of these NW watersheds based 
on data from the 1916–2006 water years and their projected distribution as a result of 
climate warming (Hamlet et al. 2013).

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_3, © 2013 Oregon Climate Change Reasearch Institute 
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Figure 3.1 Northwest locations and river basins mentioned in this chapter.

Figure 3.2 The classification of NW 
watersheds into rain dominant, mixed rain-
snow, and snowmelt dominant and how these 
watersheds are expected to change as a result 
of climate warming based on the SRES-A1B 
scenario of continued growth of greenhouse 
gas emissions peaking at mid-century (Hamlet 
et al. 2013).
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Snowmelt dominant watersheds in the Northwest are located in moderate- to high-

since much of the cool season precipitation occurs as snow and is stored until springtime 
-

and are heavily relied upon by irrigators, hydropower producers, municipalities, and 
other users.

Rain dominant watersheds are generally in lower elevations, mostly on the west side 
-

out the winter months. Mixed rain-snow watersheds located in mid-range elevations 
 

2010). These watersheds, with average mid-winter temperatures close to freezing, are 
particularly sensitive to the trend of increasing temperatures that shift winter precipita-

in lowland areas.

-

a characteristic mixed rain-snow watershed. Finally, the Columbia River drains from 

Figure 3.3 Simulated monthly streamflow hydrographs for the historical baseline (1916–2006 average,  
black) and the 2020s (blue), 2040s (yellow), and 2080s (red) under the SRES-A1B scenario of continued 
emissions growth peaking at mid-century (after Elsner et al. 2010) for three representative watershed 
types in the Northwest, namely rain dominant (Chehalis River at Porter, top), mixed rain-snow (Yakima 
River at Parker, center), and snowmelt dominant (Columbia River at The Dalles, bottom).
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-

mixed rain-snow watersheds are projected to gradually trend towards mixed rain-snow 
and rain-dominant, respectively. The shift from snowmelt dominant to mixed rain-snow 

-
ditions to rain dominant will experience less snow and more rain during the winter 

 
 

Arthur et al. 2012) as a result of projected increases in average winter precipitation. By 
the 2080s, a complete loss of snowmelt dominant basins is projected for the Northwest  

et al. 2000).

3.2 Key Impacts

of a warming climate for snowmelt dominant and mixed rain-snow watersheds are a 

-

-

 

-

 

water demand will pose challenges for water management. These hydrologic changes 
 

sequences for many important components of the regional economy, including irri- 

Muhlfeld, et al. 2012). 
The design of the water management system is based upon the historical seasonal 

Adam et al. 2009) and gradually releasing it in the spring and early summer. The total 
reservoir storage capacity in the Columbia River Basin is only about 30% of the annual 
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-
ance between storing as much water as possible to satisfy warm season water demands 

in the year could result in an earlier release of water from reservoirs to create space for 

Summers in the Northwest are relatively dry and exhibit the lowest frequency of 

season temperatures may increase evapotranspiration (Chang et al. 2010) and when 
combined with a reduction in summer precipitation, have the potential to further re-
duce stream discharge during the period of greatest water demand (Washington State 

Figure 3.4 Adapted from a study by Luce and Holden (2009), 
these maps depict the changes in 25th percentile annual flow 
(top), and mean annual flow (bottom) at streamflow gauges 
across the Northwest for 1948–2006. Circles represent 
statistically significant trends (at a=0.1), whereas squares 
represent locations where trends were not statistically significant.
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-
 

tural, municipal, hydropower, and instream demands during the late summer to become  

If current trends in warming and increased precipitation variability continue, ex-

other words, both extreme wet conditions and extreme dry conditions (compared to the 
historical record) may become more common as well as their persistence from one year 

water managers as extended stretches of wet or dry years may overwhelm or exhaust 
reservoir systems.

-
quent decreases in dissolved oxygen levels; both of which are important factors in the 

(Cannon et al. 2010; Goode et al. 2012) and nutrient loads to rivers and streams (Furniss 
et al. 2010; Chang et al. 2010) and have important consequences for water supplies and 
aquatic habitats. The temporal variability of these loads (sediment and phosphorus) is 

3.3 Consequences for Specific Sectors

Nationwide, the average value of production for an irrigated farm is more than three 
times the average value for a dryland farm (Schaible and Aillery 2012). Irrigated agri-
culture represents over 90% of the consumptive water use in the Columbia River Basin 

-

3/
year (8.1 million acre-feet/year)  m3/year (3.6 

River Basin (excluding the part of the Columbia Basin in Canada and the area draining 
 

gon is 17.2 billion m3/year (139 million acre-feet/year) (Izaurralde et al. 2010).
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-
cast demand for irrigation water across the entire Columbia River Basin (seven US states 
and British Columbia) is 16.8 billion m3/year (13.6 million acre-feet/year) under average 

 
 m3  

ing wet and dry years, respectively (20th and 80th percentile). The approximate 2.2% pro- 

change and changes in crop mix driven by growth in the domestic economy and inter-
national trade.

Recent studies also indicate that a warming climate with an earlier loss of snow cover 

-
ing season, which could increase agricultural consumptive water use and thus water 

trend of springtime surface water diversions for irrigation within low- and mid-eleva-

and the resulting drier early season soil moisture conditions.
-

Basin experienced water shortages (i.e., years in which substantial prorating of deliv-
-

-

 

The scenarios also indicate an increasing frequency of historically unprecedented condi-

shortages could impact the amount of acreage in the region that can be irrigated and the 
amount of water that can be applied during the growing season.

If water shortages result in less water for irrigation, the total value of both agricultural 
production and agricultural land in the region may be reduced substantially, although it 

a growing season. Mitigation strategies of producers might include: allowing for selec-

2011); switching to or supplementing with groundwater for irrigation if that resource is 
not already fully appropriated; switching to non-irrigated crops, drought resistant crop 

-
tems and intensive irrigation management techniques. These changes, combined with 

2, precipitation variability, and other 
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2 concentrations on agriculture and crop 
irrigation demand are discussed in greater detail in Chapter 6.

Hydropower is the predominant source of electricity in the Northwest, providing about 
-
-

Columbia River. In 2011, Washington was the leading producer of hydroelectricity, pro-

is an extremely important factor in the NW economy.
Summer water supplies for hydropower in the region are highly dependent on 

-

-

hydropower generation in the Northwest.
Hamlet, Lee, et al. (2010) made use of composite temperature and precipitation simu-

lations that are spatial (regional) and temporal (monthly) averages of climatic changes 
simulated by 20 general circulation models (GCMs) for three time periods (2010–2039, 

impacts of climate change on hydropower production. The study projects increases in 
-

els, and about 10% by 2080, while summer power production is projected to decline by 

-
mate change may result from adaptation for other competing water management ob-

2011; Hamlet, Lee, et al. 2010). With the limited storage capacity of the Columbia River 

will need to be made in order to balance the competing demands, and other sources of 
electricity may need to be considered. 

There has been an observed increase in the annual variability of cool season precipi- 
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show high sensitivity but no universal direction of change, with changes that range from 

frequency are in mixed rain-snow watersheds during the winter (Mantua et al. 2010).
Urbanization of watersheds with an accompanying decrease in permeable surface 

infrastructure at water crossings such as pipelines, bridges, and culverts (Climate Im-

-
slides, particularly in areas with unstable slopes or disturbed vegetation, potentially 

-

operating and maintaining transportation infrastructure (e.g., bridges and culverts) are 
also expected to increase (MacArthur et al. 2012). Flooding and erosion along forest road 

salmon and steelhead spawning, migration, and rearing habitat (Climate Impacts Group 
2012).

Municipal water demands, including domestic and municipally-supplied industrial  

20 years based on population estimates and projected impacts of climate change (Wash-

events that may damage or stress the reliability of the current water infrastructure. NW 
public water suppliers facing shortages may be required to invest in capital improve-
ments to acquire, treat, and distribute water from new sources to assure adequate avail-

-
 

water transfers between users, and increasing drought preparedness would be required 
(Whitely Binder et al. 2009).

NW state and local government agencies and private concerns have recently ini- 
tiated planning processes in anticipation of future hydrologic conditions. The State of 
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Washington has developed an Integrated Climate Change Response Strategy that includes 
involving communities in water resource management approaches in highly vulnerable 

-

funding mechanisms to help water providers implement climate-ready plans and prac-

-

utilities and to assist in integrating climate change information into local planning.

of native and endangered aquatic species. The reduced resilience in some of these eco- 
systems, resulting from other anthropogenic pressures (urbanization, logging, agricul-

-

terrestrial species to future climate changes will be complex and may be mediated by a 
number of other factors, including land use changes and interactions with other species 
(e.g., invasive species) (Chambers and Wisdom 2009). As human populations respond 

as well.

-
tions for spawning and migration (box 3.1) (Mantua et al. 2009; Mantua et al. 2010). For 

Muhlfeld, et al. 2012; Mantua et al. 2010; Wenger et al. 2011). In addition, extreme low 
-

tin et al. 2007). The impacts of climate change on the region’s salmonids will vary across 

In addition to altered hydrologic regimes, warming stream temperatures also pose 

-

the health of aquatic populations and the extent of suitable habitat for many species. 

provided by snowmelt and groundwater contributions to these streams (Mohseni et  



Oncorhynchus spp.) are an impor-
tant component of many NW systems. The pres-
ence of wild salmon is an indicator of the health of 

-
ing providing a critical food source for a plethora 
of wildlife, from tiny invertebrates to bald eagles, 
grizzly bears, and orcas. For the people who call 
the Northwest home, salmon are a fundamental 
part of their ecological, economic, and cultural 
heritage. Salmon sustain the spiritual and physi-
cal well-being of the region’s American Indian 
tribes as well as supporting recreational and com-

of dollars to the regional economy each year. 
The historic decline of wild salmon in the 

Northwest has galvanized the region and country 

that is all the more so given projected future cli-
mate change. Higher water temperatures, shifts in 

-
ditions associated with projected climate change 

their complex life cycles:
•  

tat quality for salmon in all of their fresh- 
water life stages (Independent Science Advi-
sory Board 2007). 

• -

both physical and thermal obstacles (Beechie 
et al. 2006; Mantua et al. 2010).

• 
the fall and winter will scour salmon nests 

• 
timing for salmon smolts in snowmelt-dom-
inated streams (Mantua et al. 2010).

• Rising sea level, warmer ocean temperatures, 
 

 

• Higher average ocean temperatures and 

web, reducing the survivability of salmon 

The impacts of climate change will vary among 
-

pend on multiple and diverse factors. Indeed, 

salmon have been fundamental to their historic 
-

lations within species evolved over time, they ac-
quired diverse spawning and migratory behaviors 

features (Mantua et al. 2010); these characteristics 
now shape their vulnerability to climate change. 
For example, steelhead (Oncorhynchus mykiss), 

O. tshawytscha  
eye salmon (O. nerka), and coho salmon (O. kisutch) 
are particularly sensitive to changes in stream 

habitats for a year or more after hatching before 
migrating to the sea. The adults then return in the 

to migrate upstream to high-elevation headwater 
streams to spawn (Mantua et al. 2010). For these 
populations, higher stream temperatures and 

O. gor-
buscha), and chum salmon (O. keta) migrate to the 
sea just a few months after hatching, spend much 
time acclimating in estuary waters before their 
ocean life cycle, and the adults return to spawn in 
the summer and fall in the mainstream river and 
lower reaches of tributaries. Accordingly, changes 

-
portant. Understanding these complexities will be 

-
ors associated with climate change in salmon res-

BOX 3.1
A Salmon Runs Through It 
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water species, particularly salmonids and other species that are already living under 

Among the potential impacts, studies suggest that increasing water temperatures are 

The region’s salmonids will respond to changes in stream temperatures and hydrol-
ogy in diverse ways (Salinger and Anderson 2006). For example, in a study of 18 popula-

more sensitive to higher summer temperatures, and those inhabiting narrower, cooler 

 
-

-
feld, et al. 2012; Rieman et al. 2007; Mantua et al. 2010; Luce and Holden 2009; Rieman 

changing climate. However, glacier melt resulting from climate change has important 
consequences for North Cascade rivers where glacier melt can comprise 10–30% of sum-

extent, and volume of North Cascade glaciers due to melting, sublimation, and calving 

accumulation zone, an emergence of new outcrops, and recession of margins, which 
includes 10 of 12 North Cascade glaciers with annual measurements, are not forecast 

ratio of a glacier’s accumulation area to its total area) are frequently below 30%. These 

may continue to experience, the most dramatic changes in total volume. Conversely, 
-

Mitchell, in review; R. Mitchell, pers. comm.; Mantua et al. 2010; Riedel and Larabee 
2011). The gross glacial melt contribution to these river systems will eventually decrease 
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-

Several aquatic species are responding to higher water temperatures through 

 

-

-
sion control. In general, the structure and function of NW wetlands and their associ-
ated species may be vulnerable to changes in the duration, frequency, and seasonality 

-

-

2008; Aldous et al. 2011). However, potential future increases in winter precipitation 
may lead to the expansion of some wetland systems, such as wetland prairies (Bachelet 
et al. 2011).

 
Lycaena xanthoides

 
 

water level decreases in these systems, coupled with increased water temperatures, may 

Samuel 1999).
Human responses to climate change have the potential to impact aquatic ecosystems. 

from storage reservoirs) for endangered salmon, and changes to water supply infra-

conjunctive management of ground and surface water has not been established, there 
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hydraulically connected aquifer-stream systems.

comes from willing contributions from water users with contract space in the reservoir 

would stress storage supplies and potentially reduce the availability of water for annual 

New storage facilities may alter temperature regimes downstream, inundate habitat, 

operations may mitigate temperature increases through the release of cold water from 

draw releases may also disrupt important environmental cues for spawning and migra-

The natural environment in the Northwest provides a variety of recreational oppor- 

recreational opportunities is beginning to emerge, and it is becoming increasingly clear 

-

some localities more severely than others. The impacts of climate change on recreational 

-

-

-

-
ing visitor days (downhill and cross-country) would be substantially reduced under fu-

visitation impacting not only resorts, but also the communities and businesses that de-
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-
ments have placed the value of salmon in the hundreds of millions of dollars throughout 

3.4 Adaptation 

-
Watch” program to help predict system failures during storm events. They have also 
implemented dynamic rule curves for some reservoirs after shortages occurred during 

are also using climate models coupled with hydrology, population, and management 
models to project the potential impacts of climate change on surrounding watersheds. 

-

that may arise as the climate changes (Miller and Yates 2006).
State agencies are also implementing water management plans to secure water  

supplies for current and future uses. For example, in Washington, a new water manage-
-
 

water reclamation and reuse, new storage studies, and other water supply strategies that 

strategies to conjunctively manage surface and groundwater resources that will lead  
to sustainable supplies and optimum use of water resources (Idaho Water Resource 
Board 2009).

Although there are a few examples of “adaptation in action,” there are many more 
opportunities for management and adaptation actions that could be implemented as 

• . Conserva-

management techniques, changing to crops that require less water, and adapting 

Groundwater and surface water supply assessments, evaluations of projected 

-
able supply.

• . The development of 

available water supply. Improved forecasting and prediction methods can be 
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-

hydrologic regime.
• Adaptation approaches to manage natural systems for resilience

ecosystem features, reduction of anthropogenic stresses, and restoration of 
critical habitat structure can improve the resilience of natural systems. Water 
releases could be timed to decrease temperatures during critical biological 

distributions.
• Adaptation for targeted species. 

designed to increase species diversity or resilience and to consider how climate 

control requirements, greater storage allocations would be needed in order to 

resources are discussed in Chapter 8.

-
tween various levels of government and local organizations are developed. Improved 
communication and coordination within and among various local and federal water 
agencies throughout watersheds to incorporate all aspects of the entire water system, 

-

conjunctive use of sources, provide for the development of emergency preparedness 
-

put of a collaborative, integrated systems approach to adaptation strategies that would 

fully assessed using integrated system modeling approaches and careful planning to 
avoid unintended consequences.

3.5 Knowledge Gaps and Research Needs

our ability to understand and adapt to a changing climate. The most pressing of these 
needs include: 
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• Improved monitoring networks, with greater density, for monitoring biology, stream-

provide important input for models and provide more accurate information for 
future climate assessments. 

• 

• Methods to determine warming-induced changes to evapotranspiration from irrigated 
agriculture and from forested and rangeland watersheds. This would provide impor-
tant data needed to predict the water supply since changes in evapotranspira-

•  This 

and program development and implementation strategies.
• Coupling of downscaled climate and biophysical knowledge with economic knowledge on 

same spatial scales. In the area of water utilization, there are gaps in physical and 
-

mate economic impacts. Without a spatially scaled behavioral model for these 

-
butional costs of potential climatic changes on the products produced by these 
sectors.

• Improved methods to address the impacts of reductions in hydropower in the region.  

well as the uncertainty with respect to future national and state-level energy 
-

edge regarding the potential impacts of reduced hydropower in the region. 

-

alternatives (Hamlet et al. 2013).
• Improved policy designs for targeting habitat restoration. Spatial delineation of 

-
tive economic incentives (Mantua et al. 2010).

• Improved understanding of nexus among energy demands, land-use changes, ecosystem 
services, and potential health risks. Research on demographic changes in response 
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to both climate change and human population increases will be needed to iden-
tify potential impacts for urban planning processes, energy demand, land use 

• 
adaptation, and mitigation activities.

salmon. 

• 
alternatives. 

solutions to enhance water conservation, ecosystem protection, and sustainable 
solutions to hydropower development and relicensing, dam decommissioning, 

• Improved understanding of aquatic species and adaptation. Research is needed to 
understand how aquatic species populations are adjusting to long-term trends 

 Muhlfeld, et al. 2012) and to identify the characteristics of watersheds and 

 
 

poral scales that match the changes in observed and predicted aquatic species.
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Chapter 4 

Coasts
Complex Changes Affecting the Northwest's Diverse Shorelines

AUTHORS 
W. Spencer Reeder, Peter Ruggiero, Sarah L. Shafer, Amy K. Snover,  
Laurie L. Houston, Patty Glick, Jan A. Newton, Susan M. Capalbo

4.1 Introduction

The many thousands of miles of Northwest (NW) marine coastline are extremely diverse 
and contain important human-built and natural assets upon which our communities and 
ecosystems depend. Due to the variety of coastal landform types (e.g., sandy beaches, 

the region’s marine coastal areas stand to experience a wide range of climate impacts, 
in both type and severity. These impacts include increases in ocean temperature and 

Figure 4.1 Coastal region of Washington and Oregon, 
including some locations mentioned in this chapter. 

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_ , © 2013 Oregon Climate Change Reasearch Institute 4
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rising sea levels and storms, among others. 
Increases in coastal inundation and erosion are key concerns. A recent assessment 

determined that the coastal areas of Washington and Oregon contain over 56,656 hect-
ares (140,000 acres) of land within 1.0-meter (3.3-feet) elevation of high tide (Strauss et 
al. 2012). Rising sea levels coupled with the possibility of intensifying coastal storms will 

experiencing these changes earlier, and more acutely, than most other regions around 
the globe (NOAA OAR 2012). Changes in ocean chemistry resulting from higher global 
concentrations of atmospheric CO2, combined with regional factors that amplify local 

OAR 2012).

systems will play a large role in determining the long-term resilience of NW coasts and 
the ongoing viability of the region’s coastal communities, and the viability of shallow-
water and estuarine ecosystems in particular (Tillmann and Siemann 2011; Huppert et 
al. 2009; West Coast Governors’ Agreement on Ocean Health 2010; Fresh et al. 2011).

4.2 Sea Level Rise

Historical trends in sea level in the coastal marine waters of Washington and Oregon 

of increase in sea level of approximately 3.1 mm/year (0.12 in/year), as determined by  
satellite altimetry for the period 1993–2012 (University of Colorado 2012; Nerem et al. 
2010; National Research Council [NRC] 2012). Figure 4.2 shows: (a) time series of sea 
level measurements at eight NOAA tide gauge locations in Washington, Oregon, and 
northern California (Komar et al. 2011); and (b) derived relative sea level rates of change 

-
tures from the global mean. The variability among rates is due primarily to the fact that 
Washington and western Oregon sit above an active subduction zone, which generates 
forces that lead to non-uniform vertical deformation of the overlying land and are also 
the cause of the region’s active volcanism and seismic activity (Chapman and Melbourne 
2009; Harris 2005; also see section 4.2.1). Additional regional factors that cause variances 
in NW sea levels, when compared to the global mean, are seasonal ocean circulation and 

1, as well as the 

ongoing recovery of the region’s landmass from the disappearance of the massive ice 
sheets (post-glacial isostatic rebound) that began to retreat approximately 19,000 years 
ago (NRC 2012; Yokoyama et al. 2000). Additional smaller scale factors that can appre-

 
show relative sea level changes ranging from a small drop of a few decimeters (result- 
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ing from tectonic uplift along the NW portion of the Olympic Peninsula outpacing sea 
 

Council (NRC 2012) suggests the upper range of the global contribution to regional sea 

Figure 4.2.a Time series and linear trends (Komar et al. 2011) in relative sea level (RSL) as measured 
by NW coastal tide gauges operated by NOAA (NOAA Tides and Currents 2012).1 The relative sea 
level rise (RSLR) and root mean square error (RMSE) are listed for each record. Trends in RSL range 
from -1.89 mm/year (-0.074 inches/year) at the Neah Bay gauge on the north coast of Washington 
(indicating falling relative sea level), to an increase in RSL in Seattle of +1.99 mm/year (+0.078 inches/
year), and +1.33 mm/year (+0.052 inches/year) at the Yaquina Bay site. The gauges in Astoria, Oregon, 
and Crescent City, California, also show falling RSL with a declining linear trend of -0.62 and -1.04 mm/
year (-0.024 and -0.041 inches/year), respectively. Most gauges in the NW show positive RSL trends, 
but less than the global mean rate of sea level increase of +3.1 mm/year (+0.12 inches/year).
Figure 4.2.b Alongshore rates of relative sea level (RSL) rise (black line) from Crescent City, California, 
to Willapa Bay, Washington, as determined by three methods: (1) tide-gauge records with trends 
based on averages of the summer only monthly-mean water levels (red circles with plus signs, error 
bars represent the 95% confidence interval on the trends); (2) subtracting the Burgette et al. (2009) 
benchmark survey estimates of uplift rates from the regional mean sea level rise rate (2.3 mm/year 
[0.09 inches/year]) (very small gray dots); and (3) subtracting the uplift rates estimated from global 
positioning system (GPS) measurements along the coast from the regional mean sea level rate (small 
filled black circles). After Komar et al. (2011). 

1  Note: Naming conventions used in this figure differ from official tide gauge station names for the following sta- 

tions: Toke Point (Willapa Bay), Yaquina River (Yaquina Bay), and Charleston (Coos Bay).
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level rise could be slightly higher than previously thought, extending the upper bound 

that “increases of 3-4 times the current rate [of sea level rise] would be required to real-
ize scenarios of 1 m sea level rise by 2100” (NRC 2012).2 

Sea level rise studies are characterized by uncertainties regarding the extent to which 
rates may increase over time; however, global sea levels are rising and are virtually cer-
tain to continue to do so throughout the 21st century and beyond (Meehl et al. 2007). 

air temperature (primarily through the thermal expansion of seawater and the volu- 
metric contribution from the melting of land-based ice), sea level rise rates are expected 

Figure 4.3 Projection for relative sea level rise at 45 °N latitude on the Northwest coast.1 Sea level rise 
projections for the 21st century (in centimeters and inches) relative to the year 2000 that incorporate 
global and local effects of warming oceans, melting land ice, and vertical land movements along the 
West Coast. The shaded area shows a range of projections developed by considering uncertainties in 
each of those contributing factors, and also uncertainties in the global emissions of greenhouse gases. 
Although these projections for other latitudes in the Northwest differ by less than an inch, variation 
in vertical land movement within the region could add or subtract as much as 20 cm (8 in) from the 
projections for 2100 shown here. Additional variation in sea level could result from the local effects. 
Plotted with data from the NRC (2012).

1 Roughly the latitude of Lincoln City and Salem, Oregon.

recent NRC report provides a range for the global contribution of 0.5 to 1.4 m (20 to 55 in) for 2100 
relative to 2000 levels.
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Because the Northwest is located in an active subduction zone, vertical land motion 
 

vertical land motions can add to, or subtract from, the overall rate of regional sea level 
rise. On the Olympic Peninsula in Washington State, global positioning system (GPS) 
observations generally show a rate of vertical uplift of the same order of magnitude as 
sea level rise, thus creating the potential for a net decrease in local observed sea level in 

rates of sea level rise than that observed regionally. Other factors such as post-glacial 
rebound3, local sediment loading and compaction, groundwater and hydrocarbon sub-

-

particular location (NRC 2012).

4

otherwise rising trend in sea levels seen globally, for the most part suppressing ocean 
-

ditions may signal a shift to the PDO cold phase that may, in turn, result in a return to 

the 49th parallel in western North America and land subsidence of 1 mm/year (0.04 inches/year) or 
less in western Washington and Oregon (NRC 2012; Argus and Peltier 2010; Peltier 2004)

Table 4.1 Local sea level change projections (relative to the year 2000, 
reproduced from NRC 2012). 

 2030 2050 2100
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higher rates of sea level rise along the West Coast, approaching or exceeding the global 
rate (Bromirski et al. 2011).

Table 4.2 Year 2100 sea level rise projections (in centimeters and inches) relative 
to 2000 (Meehl et al. 2007; Mote et al. 2008; NRC 2012). Whereas the IPCC AR4 
(Meehl et al. 2007) only provide a range, the Mote et al. (2008) and NRC (2012) 
studies provide central (or middle) estimates for end-of-century sea levels, with 
the full range of each projection shown in parentheses.1 B1 (substantial emissions 
reductions), A1B (continued emissions growth peaking at mid-century), and A1FI 
(very high emissions growth) are IPCC Special Report on Emissions Scenarios (SRES) 
greenhouse gases emissions scenarios that correspond to different potential societal 
futures with progressively increasing levels of emissions in the latter half of the 
century (Nakícenovíc et al. 2000). Regional comparisons between Mote et al. (2008) 
and NRC (2012) are approximate since the NRC only assessed latitudinal variability 
in sea level rise and Mote et al. (2008) also considered longitudinal variability, in 
addition to other differences in the spatial domain covered by the estimates.

 IPCC AR4 Mote et al. (2008) NRC (2012)

 A1FI: 26-59 cm (10.2”-23.2”)

2

Peninsula  1.6” (-9.4-34.6) 24” (3.5-56.3)

3

  13.4” (6.3-50.4) 24.4” (3.9-56.3)

Central & Southern  -- 29 cm (6-108) 62 cm (11-143)4

  Washington Coast  11.4” (2.4-42.5) 24.4” (4.3-56.3)

Central Oregon Coast ---- 63 cm (12-142)5

1  These central estimates are not probabilistic or statistically determined so they do not necessarily represent a “most likely” value of sea 
level rise.

2  
3  
3 
4 For the latitude of Newport, Oregon (NRC 2012).
5 For the latitude of Newport, Oregon (NRC 2012).
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5 Additional regional studies of relative sea level rise will 

and NRC (2012); these three reports are most frequently referenced for NW sea level rise 
-

ences in assumptions concerning the contributions of Greenland and Antarctica to fu-
ture global sea levels; emissions scenarios were not the main contribution to divergence 

6

conditions are uncertain. 
-

mented NOAA buoys along the US West Coast (Allan and Komar 2000; Allan and  
 

et al. 2010; Seymour 2011) and from satellite altimetry (Young et al. 2011). Analyses  
 

velocities and atmospheric pressures) have increased since the late 1940s (Graham and  
Diaz 2001; Favre and Gershunov 2006), implying that the trends of increasing wave 
heights perhaps began in the mid-20th century, prior to the availability of direct buoy 
measurements.

Studies relying solely on buoy measurements have, however, recently been called 
into question because of measurement hardware and analysis procedure concerns 

wave measurement hardware and inhomogeneities in the records reveals trends that are 
-

5  Although there is an extensive network of continuously running GPS stations throughout the 
western United States, NRC authors were concerned that interpolation errors between stations 

within the region (NRC 2012, page 122).
6 The IPCC AR4 (Meehl et al. 2007) used an estimate of total ice sheet contribution to global sea level 

enhanced dynamics alone).
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periods have been more responsible for increasing the frequency of coastal erosion and 

changes in non-tidal residuals measured at tide stations (i.e., storm surge). Allan et al. 
(2011) analyzed the Yaquina Bay storm surge record and found no increases in surge 
levels and frequencies since the late 1960s.

-
age regional sea levels, will compound the impacts of sea level rise, resulting in severe 

-

characteristics in the Northwest is not yet discernible in the observational record or in 

in the wind environment (e.g., prevailing wind direction, magnitude, seasonality) and/

inundation and erosion risk.

4.3 Ocean Acidification

In addition to the long-recognized exposure of low-lying shorelines worldwide to sea 
level rise, research over the past few years has revealed a quicker-than-expected emer-

-
ral processes and human activities. Conditions in the coastal waters of the Northwest 

through to the late summer months when the prevailing coastal winds seasonally shift 

Northwest Fisheries Science Center 2012; Hickey and Banas 2003). The upwelling ef-
fect transports these subsurface waters up onto the continental shelf of the Northwest, 

Bay, Puget Sound, and Hood Canal, and combine with local factors to create low pH 
conditions (Feely et al. 2010). For example, pH values as low as 7.35 have been observed 
in the southern portions of Hood Canal (Feely et al. 2010).
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concentration of atmospheric CO2 -
2 concentrations 

are higher now than at any time in at least the past 650,000 years, and current estimates 
are that about one-quarter of the human-derived CO2 released to the atmosphere over 
the last 250 years is now dissolved in the ocean (Canadell et al. 2007; Sabine et al. 2004; 
Sabine and Feely 2007). Once absorbed, CO2 causes the pH and carbonate saturation 
state of seawater to decline, rendering ocean water corrosive to marine organisms that 
use carbonates (calcite and aragonite) to build shells and skeletons. These changes, com-

-
er than that of any previous period within the last 50 million years (Kump et al. 2009; 
Hönisch et al. 2012). The persistence of contemporary marine ecosystems is threatened 

-
ture (e.g., Cheung et al. 2011, Barton et al. 2012).

-
ing pH and carbonate saturation state, producing conditions that can be more corrosive 

In addition, local atmospheric emissions of CO2, nitrogen oxides, and sulfur oxides may 

needed to quantify that impact (NOAA OAR 2012). Consequently, natural processes, 
anthropogenic additions of CO2 and other acidifying wastes, and additions of nutrients 

-
ies of the Northwest. Rykaczewski and Dunne (2010) suggest that nitrate supply into the 
California Current System may increase in a warming climate; and, as a result, increases 

Due to the complexities and seriousness of the implications to commercially impor-
-

cation to the marine waters of the Northwest is a current focus of a number of research 

-

-

4.4 Ocean Temperature

An increase in ocean temperature is anticipated to create shifts in the ranges and types 
of marine species found in coastal waters of the Northwest (Tillmann and Siemann 
2011). In addition, higher temperatures may contribute to higher incidences of harmful 

Moore et al. 2009; Moore et al. 2011).
-

ser et al. 2010), with future increases very likely, though characterized by considerable 
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spatial and temporal variability. Ocean heat content and average sea surface tempera-
tures (SSTs) increased on a global-ocean scale over the periods 1993–2003 and 1979–2005, 

7

 How-

-

-

Locally, the coastal upwelling and downwelling cycle leads to strong variation in tem- 
 
 

-

geographic proximity to rivers and bathymetric features that cause turbulent mixing.
-

16 stations from 1993 to 2002 and records of SST and sea surface salinity (SSS) from 1951 

-
er when compared to those of the local environmental factors (i.e., local air temperature, 

forcings of SST and SSS, there will be complexities associated with understanding the 

4.5 Consequences for Coastal and Marine Natural Systems

-
grass beds of NW estuaries such as Puget Sound. These natural systems, along with the 

impacts include habitat loss (from erosion and inundation), shifts in species’ ranges and 
abundances, and altered ecological processes and changes in the marine food web. The 
potential consequences of these changes to the region’s marine and coastal natural re-
sources could be substantial.

7 The Trenberth et al. (2007) study also found progressively increasing rates of global SST warming 
throughout the 20th

scenarios were small.
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An increasing number of studies are investigating the potential responses of coastal 
and marine ecosystems to future climate change (Doney et al. 2012). However, there are 

our understanding of how these ecosystems may respond to these changes. In some in-

can identify, with reasonable precision, areas of low-lying terrestrial habitat that may be 
inundated by sea level rise under future scenarios (Sallenger et al. 2003). However, the 
sensitivities and adaptive capacity of many coastal and marine species and ecosystems 
are not yet well-understood. 

Climate change may create new stressors, or amplify existing stressors, on species 
and ecosystems that could interact synergistically and vary through time (Doney et al. 
2012). In the following three subsections, we outline key concerns for coastal and marine 
ecosystems with regards to habitat loss, changes in species’ ranges and abundances, and 

4.5.1 HABITAT LOSS 

 
estuarine shorelines of the Northwest, ranging from increased erosion and inundation 
of low-lying areas to incremental loss of coastal wetlands. Sea level rise, in particular, is 
considered to be one of the most certain and direct threats to the region’s coastal systems 

sea level rise throughout the region can vary with the rate of change in coastal land ele- 

sea level rise, much of the NW coast will experience increased erosion and inundation 

are often highly susceptible to loss and alteration, particularly in low-lying areas, in lo-
cations with erodible sediments, or in areas where upland migration of a coastal habitat 

Ruggiero et al. (in press) examined physical shoreline changes along the Oregon and 

-

erosion rates of approximately -0.5 m/year (-1.6 ft/year) with local beach retreat rates as 
high as -4.4 m/year (-14.4 ft/year) over the period from 1967 to 2002. In contrast, they 
found that beaches along the southern Oregon coast (where land uplift rates exceed the 
local rate of sea level rise) have been relatively stable. The study also pointed out that 

(and change wave approach angles), can alter the NW coastline by redistributing beach 
sand alongshore. This redistribution creates “hot-spot” erosion sites and the potential for 
associated habitat losses near headlands, inlets, bays, and estuaries. The authors noted 
the current dearth of sources of sand for Oregon’s beaches (compared to the number of 
sources available thousands of years ago at a time of lowered sea levels) and highlighted 

storms and are susceptible to increased erosion hazards as sea levels continue to rise.
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as noted above, can be exacerbated by sea level rise and potential changes in stormi-
ness. In some locations, these changes will lead to increased exposure of upland areas 

haul-out sites used for resting, breeding, and rearing of pups by NW pinnipeds (e.g., har- 
bor seals [Phoca vitulina -
tats of Puget Sound and parts of the outer Oregon and Washington coasts (Glick 
et al. 2007) suggest that nearshore habitats in the region are likely to face a dramatic 
shift in their composition, even under the relatively moderate IPCC AR4 scenario of 39 

 

saltwater inundation (Glick et al. 2007). These changes would include a reduction in the 

et al. 2010). 

salmon), many of which use coastal marshes and riparian areas for feeding and refuge 

Onchoryncus keta) and Chinook (Onchorynchus tshawytcha) salmon, 
which are considered to be the most estuarine-dependent species. For example, Hood 

 

(17.7- and 31.5-inch) sea level rise scenarios. Sea level rise also may alter the salinity of 
surface and groundwater in coastal ecosystems. Many coastal plant and animal species 
are adapted to a certain level of salinity and prolonged salinity changes may result in 

invasive New Zealand mud snail (Potamopyrgus antipodarum), which has been found in 
the Columbia River estuary (Hoy et al. 2012). 

Coastal habitats may be able to accommodate, to some extent, moderate changes in 

rise on the availability of eelgrass (Zostera marina) for foraging black brant geese (Branta 
bernicula ssp. nigricans) in Willapa Bay and in the Padilla Bay complex (consisting of 
Padilla, Fidalgo, and Samish bays) in Washington. Under three future sea level rise sce- 

to remain relatively constant in the Padilla Bay complex and expand in Willapa Bay over 
the next 100 years (Shaughnessy et al. 2012). However, in many other areas along the 
NW coast, the opportunity for inland migration has been considerably reduced by the 
development of dikes, seawalls, and other forms of armoring structures. Coastal armor-
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For the region’s river deltas, natural deposition of river sediments may enable at 

(Redman et al. 2005) and thus a river’s ability to keep pace with higher sea levels in the 

-
-

region to sea level rise (Warrick et al. 2011).
-

systems and the backshore from storm damage. Dunes comprise approximately 45% 
-

Am-
mophila arenaria) and later American beach grass (Ammophila breviligulata). The switch 
in dominance from native species to exotic dune species resulted in a complete state 
change in coastal dune systems (Seabloom and Wiedemann 1994) with the creation of 
stable foredunes, reaching 15–20 meters (49–66 feet) in height, allowing for the intercep-
tion of sand and decreased sand supply to the backshore. Foredunes dominated by A. 
bre-viligulata are lower and wider than foredunes dominated by A. arenaria due to the 
inferior ability of A. breviligulata to accumulate sand (Seabloom and Wiedemann 1994; 
Hacker et al. 2012; Zarnetske et al. 2012). Seabloom et al. (2013) modeled the exposure 
to storm-wave induced dune overtopping posed by the A. breviligulata invasion and the 

models, storm intensity was the largest driver of overtopping extent; however, the in-
vasion by A. breviligulata tripled the area made vulnerable to overtopping and posed a 
fourfold larger exposure than sea level rise alone, over multi-decadal time scales.

-
-

cillation (NPGO), are an important indicator for potential species responses to climate 

region’s coastal waters by warmer SSTs (Pearcy 1992; Peterson and Schwing 2003; Worm 
et al. 2005). 

Longer-term trends also show a strong relationship between ocean temperatures and 

more prevalent; and, during cold-water regimes, the relative abundance of anchovies 
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relationships; however, they do illustrate important interconnections between marine 
species and climatic conditions. Moreover, Overland and Wang (2007) suggest that the 

marine species distributions and abundance. Indeed, several studies have detected the 
-

climate in the California Current System, Sydeman et al. (2009) found long-term climate 
change to be the predominant factor in changes in the timing of breeding, productivity, 
and abundance of several seabird species, such as Cassin’s auklet (Ptychoramphus aleu-
ticus
water (shearwaters and auklets) have become less abundant in the southern California 
Current System as SSTs have increased in the region. Research by Wolf et al. (2010) for 

growth rate of the Farallon Island Cassin’s auklet population by the end of the century.

-
rent area of relatively high extinction risk for marine mammals in a study that included 

-

Balae-
noptera musculus) and California sea lion (Zalophus californianus
to decrease over this time period while northern elephant seal (Mirounga angustirostris) 

-

climate change on important habitat outside of the NW region. For example, the timing 
of gray whale (Eschrichtius robustus
potential future changes in ocean temperatures and sea ice occurrence at summer feed-

of studies indicate that gray whales have responded to recent observed climate-related 

 

Climate change is likely to alter key ecological processes in both the open ocean and 
estuarine systems of the Northwest (Doney et al. 2012). Multiple segments of the marine 

changes in the timing and strength of coastal ocean upwelling (Barth et al. 2007), gradual 
and abrupt changes in the distribution of sea surface temperatures (Payne et al. 2012), 

to the abundance, productivity, range, and distribution of both zooplankton and phyto- 
plankton, which form the foundation of the marine food web. Climate change factors 
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freshwater input, eddy formation, pH, and calcium carbonate saturation states.
As discussed in section 4.3, of particular concern in the Northwest is ocean acidi-

diatoms potentially gaining at the expense of calcifying phytoplankton (Hauri et al. 

This study suggests that declining ocean pH may have contributed to a decline in the 
abundance and mean size of the California mussel (Mytilus californianus), the dominant 
predator in the system, as well as the blue mussel (Mytilus trossulus) and goose barnacle 
(Pollicipes polymerus).9 In contrast, the abundance of acorn barnacles (Balanus glandula, 
Semibalanus cariosus Halosaccion glandiforme) has increased, likely due 

-

populations also may be vulnerable to increasing CO2 (Barton et al. 2012).
 

benthos and plankton, using an Atlantis ecosystem model for the US West Coast. Their 
-

Pleuronectes vetulus Atheresthes stomias), 
), owing to the loss of shelled prey items from 

their diet.
Bivalves exhibit a high sensitivity to pH and carbonate saturation state (Green et al. 

-
creases in mussel (Mytilus edulis Crassostrea gigas
of 25% and 10% respectively by 2100 (see also Ries et al. 2009). Olympia oyster (Ostrea 
lurida

-

after the oysters were returned to control conditions that replicated present-day CO2  
-

While some marine animal species, such as shelled invertebrates, typically respond 

2 enrichment (e.g., Hendriks et al. 

been assessed by others (for example, see Brown 2012) and those studies indicate that local factors, 
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organisms and how changes in ocean pH and carbonate saturation state may interact 
with other environmental factors (e.g., temperature, dissolved oxygen, nitrogen) and 

2006; Whitney et al. 2007; Doney et al. 2012). For example, studies suggest that the toxici-
ty of certain phytoplankton associated with harmful algal blooms (HABs), including the 

Karlodinium and two species of the diatom , may increase 

Alexandrium catenella in Puget Sound, along with associated accumulation of paralytic 
A. 

catenella

for A. catenella in Puget Sound to increase by an average of 13 days by the end of the 

to begin up to two months earlier and persist for up to one month later than it does cur-
rently (Moore et al. 2011).

4.6 Consequences for Coastal Communities  
and the Built Environment

terrestrial and marine environments, with potential issues of concern including erosion, 

supply and waste and storm water systems, public health and safety, and the coastal 
recreation, travel, and hospitality sectors more broadly. Details of these general impact 
pathways and associated consequences have been reviewed elsewhere (e.g., Oak Ridge 
National Laboratory 2012).10 

The varying characteristics of coastlines throughout the Northwest (see sections 4.1 

exposed to climate change impacts. Quantifying the potential extent of climate change 
impacts on coastal communities and infrastructure at the regional scale is complicated 

-

of consequences of climate change for the built environment and human communities of 
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the NW coast have focused on transportation-related impacts (WSDOT 2011; MacArthur 
et al. 2012). A handful of individual communities have begun assessing local impacts 
and vulnerabilities across multiple sectors and various hazards, with some implement-

in coastal counties run along rivers or creeks and may experience increasing damage 

2012; WSDOT 2011).
The Washington State Department of Transportation (WSDOT) assessed the climate 

change vulnerability of state-owned transportation infrastructure (i.e., state highways, 
roads, bridges, tunnels, railroads, ferry terminals, airports, maintenance facilities) by 
considering the implications of multiple climate drivers and impacts, including sea level 

-
DOT 2011). WSDOT’s qualitative analysis combined information about climate change 

-
nerabilities, weighted by an assessment of the asset’s importance (“criticality”) to local 
and regional connectivity. Under a scenario of 2 feet (0.6 meters) of sea level rise (con-

a few low-lying Puget Sound roadways and highways along the outer coast could see 

the Puget Sound region are situated high enough to avoid permanent inundation under 
this scenario. More likely impacts include temporary closures and reduced vehicle ca-

culvert backups. In some locations, such impacts already occur during high tides, or 
during average tides combined with heavy rain events. Under higher sea level rise sce-
narios, additional roadway segments in Washington become vulnerable (e.g., sections of 
State Routes 3 and 101). Impacts would be exacerbated in those areas where the risk of 

highways near the mouth of the Columbia River and near Astoria, Oregon as most at 
risk, after Puget Sound highways in Washington (MacArthur et al. 2012).

Other state-owned coastal transportation modes are thought to be largely robust to 

4.1), which already closes at high tide, is expected to close more frequently, if not perma- 
nently, as sea level rises. Washington’s ferry terminals are expected to be able to accom-
modate 2 feet (0.6 meters) of sea level rise with minor impacts, with the exception of 

-
ly higher risk of adverse impact. At four feet (1.2 meters) of sea level rise, the Bainbridge 
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2011). The assessment also noted that sea level rise might lead to fewer ferry terminal 

Climate impacts on secondary transportation routes can be extremely important to 

access routes to the Swinomish Indian Reservation on Fidalgo Island in northern Puget 

The Swinomish Indian Tribal Community estimates that a 4-foot (1.2-meter) tidal surge 

(Swinomish Indian Tribal Community 2009). 
Additional potential climate change impacts on coastal transportation infrastruc-

-

pavement longevity, rail track deformities, and rail speed restrictions11 (currently being 

landslide risk for coastal highways and rail lines (e.g., MacArthur et al. 2012); future reli-
ability of coastal tsunami evacuation pathways; and bridge clearance issues caused by 

Figure 4.4 Vulnerability of Washington State 
transportation assets (state-owned roads, bridges, 
tunnels, ferry terminals and maintenance facilities, and 
airports) in Washington’s coastal counties to the climate 
change impacts associated with 2 feet (0.6 meters) of sea 
level rise and a range of temperature and precipitation 
changes. Washington State Department of Transportation 
(WSDOT) agency staff qualitatively evaluated (1) the 
likelihood of asset failure due to the combined impacts 
of sea level rise (erosion, inundation, storm surge, and 
flooding), changes in mean and extreme temperature and 
precipitation, and changes in snowpack, streamflow, river 
flooding, landslides, and wildfire—taking into account local 
infrastructure characteristics, and (2) the “criticality” of 
each asset to the regional and local transportation system 
(i.e., consequences of failure). Adapted from WSDOT 
(2011) Exhibit B-4.15. Note: For Planning Purposes Only. 
Not suitable for site-specific use.

11 For example, the Portland, Oregon, transit agency, TriMet, mandates reducing train speeds by 10 

2010).
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be robust up to levels of 4 feet (1.2 meters) of sea level rise (WSDOT 2011).

A few local governments in the Northwest are evaluating—and in some cases pre-

issue area (e.g., wastewater treatment facilities), others are assessing the combined im-
plications of multiple risks, climate and otherwise, for overall community values and 
priorities. We provide some illustrative examples of both; these and others have been 
compiled elsewhere (Bierbaum et al. 2013) and new examples continue to emerge.  The 

and storm surge, examining public utility infrastructure, including maintenance holes, 
water mains, and drainage outfalls and pump stations with proximity to the shoreline 

a partial inventory of vulnerable assets and maps indicating future coastal inundation 

Figure 4.5 Rising sea levels and changing inundation risks 
in the City of Seattle. Areas of Seattle projected by Seattle 
Public Utilities to be below sea level during high tide (mean 
higher high water) and therefore at risk of inundation are 
shaded in blue under three levels of sea level rise (Mote 
et al. 2008) assuming no adaptation (P. Fleming and J. 
Rufo-Hill, Seattle Public Utilities, pers. comm.). High (50 in 
[127 cm]) and medium (13 in [33 cm]) levels are within the 
range projected for the Northwest by 2100; the highest 
level incorporates the compounding effect of storm surge. 
Unconnected inland areas shown to be below sea level may 
not be inundated, but could experience localized flooding due 
to areas of standing water caused by a rise in the water table 
and drainage pipes backed up with sea water. (Adapted figure 
courtesy of Seattle Public Utilities).
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to develop adaptation options. The City of Olympia has similarly used high-resolution 
land elevation data to assess areas of future exposure to inundation in the downtown 
core under various sea level rise scenarios (box 4.1).

King County and the City of Anacortes, as well as other local governments across the 
nation, are considering sea level rise and precipitation driven impacts in their risk as-
sessments and design of storm, wastewater, and drinking water treatment infrastructure 
(King County 2009; City of Anacortes 2012; Solecki and Rosensweig 2012).

The King County Wastewater Treatment Division, in response to the County’s cli-
mate action plan released in 2007, assessed wastewater infrastructure (e.g., treatment 
plants, pump stations) at 40 separate locations for vulnerability to coastal climate im-
pacts. They examined facility elevations, historical tide levels and storm surge, and pro-

-

drinking water source waters. The City’s new $65 million water treatment plant (under 
construction in 2013) includes elevated structures, water tight construction with minimal 

rather than gravity-based sediment removal processes. Future analyses will examine the 
degree to which the plant’s source water intake is likely to be contaminated with salt-
water, due to its current proximity to the salt wedge and the combined future pressures 

In one of the most comprehensive assessments yet conducted for a small coastal com-
munity, the Swinomish Indian Tribal Community examined a wide range of climate vul-

climate impacts into three primary risk zones (i.e., sea level rise inundation, tidal surge 

issues considered include: vulnerability of vital transportation linkages, risks to agricul-
tural and economic development lands, resilience of cultural sites and practices, tribal 
member health, and potential economic consequences (Swinomish Indian Tribal Com-
munity 2009). Approximately 15% of Swinomish tribal land is at risk of inundation from 

primary economic development lands, in addition to potential impacts on low-lying ag-

private residential development. Upland areas containing extensive forest resources and 

-
-

mercial structures with a total estimated value of almost $19 million (Swinomish Indian 
Tribal Community 2009). Moving forward, a primary question is how to reconcile the 
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Washington State’s capital, located at the south-
ern tip of Puget Sound with most of its downtown 

as vulnerable to sea level rise (e.g., Craig 1993). 
Past and current sea level rise mapping show that, 

high-density development, and the City’s his-
toric district. City planners discovered that areas 

-

sea level rise scenarios and existing experience 

via (1) marine waters entering stormwater outfalls 

streets from inland storm drains during high 
tides; (2) overloading of the stormwater system 
(including piped streams) during high-intensity 
precipitation events coincident with a high tide, 
causing storm drain back-up and discharge; and 
(3) marine waters overtopping the bank resulting 
in saltwater inundation (City of Olympia 2012).

Technical work in 2009–2010 provided sophis-
ticated hydraulic simulation and landform analy-
sis to improve the City’s understanding of how 

tidal elevations and precipitation events could in-

and buildings. More recently, Olympia completed 
an engineering analysis of potential sea wall de-
signs and responses to an increase in sea level of 

2011). The City is in the process of incorporating 
sea level rise issues into its Comprehensive Plan 
and Shoreline Master Program revisions (City of 
Olympia 2012). Because City policy directs de-

downtown from sea level rise, various adaptation 
options (both engineering approaches and regula-
tory measures) are being examined. The investiga-
tions to date have resulted in a new recognition of 
the current vulnerability of Olympia’s downtown 
properties, emergency transportation corridors, 
and essential public services (including stormwa-
ter and wastewater systems) and led Olympia to 
enact temporary emergency measures (e.g., seal-

-
ects to reduce current risks (e.g., consolidating 
stormwater outfalls and raising shorelines), while 

-
essary to lower longer term risks (A. Haub, City of 
Olympia, pers. comm.).

BOX 4.1
Coping with sea level rise risks today and tomorrow in Olympia, Washington 

Figure 4.6 Projected flooding of downtown 
Olympia with a 100-year water level (0.01 average 
annual exceedance probability for storm tides, 
wave effects on mean water level at the shoreline, 
and precipitation run-off) and 7.6 cm (3 in) of sea 
level rise (left) and a 100-year water level and 127 
cm (50 in) of sea level rise (right). Redrawn from 
Coast and Harbor Engineering (2011), courtesy City 
of Olympia.
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plans to continue development of the Tribe’s primary economic development zone with 

begun, within the context of the master planning for their economic development zone, 

sea level rise considerations (e.g., designs that accommodate progressively higher levels 
of inundation over time) while also balancing the economic, social, and environmental 
goals of the Swinomish Indian Tribal Community (Knight et al. 2013). 

4.7 Economic Consequences of Coastal Impacts 

-
omies of coastal communities and a number of regionally important sectors. These 
sensitivities stem primarily from the region’s extensive seaport and municipal coastal 
infrastructure, the limited options for alternative transportation corridors in many loca-

-
ing industry. 

Marine and coastal resources provide communities in the Northwest with numer-

Coastal ecosystems also contain economic value through their ability to cycle and move 

storms. Scavia et al. (2002) provide an overview of climate change impacts on US coastal 
and marine ecosystems that can serve as a foundation for economic assessments. How-
ever, translating these impacts into monetary units is challenging and research has been 
limited to isolated case studies. Such information, however, is needed for robust risk 
assessment, policy design, and adaptation planning.

In the following section we use recent landings and revenue data to illustrate the 

Robust economic evaluations of the impacts of climate change on other coastal relevant 
sectors have yet to be conducted.

Climate change will have both positive and negative economic impacts on commercial 

their responses to climate change, as noted in Section 4.5. In addition, the robustness of 

conditions throughout the marine waters of western North America, with the economics 
driven to a large extent by the markets into which these products are sold. In general, 
cool-water species are expected to decline in abundance while warm-water species be-
come more abundant in response to a warming ocean (Scavia et al. 2002; Roessig et al. 
2004; Harley et al. 2006; Brander 2007). 

Changes in distribution, abundance, and productivity of marine populations due to 
climate-related changes in ocean conditions will impact the level and composition of 
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Currently, the key commercial species for Oregon and Washington are: crab, clams, oys-

-
-

combination of harvest rules (based on stock assessments and allocations) and oceano-
graphic variations such as temporary warming or cooling events. Total revenue from 
these species averaged around $275 million per year between 2000 and 2009 but rose 
sharply from 2009 to 2011 (National Marine Fisheries Service 2010, updated). In 2009, 

-
-

vesting, processing, and retailing levels (National Marine Fisheries Service 2010).

-
-

(National Marine Fisheries Service 2010). However, some adaptation may be possible; 
commercial oyster growers in the region have successfully altered seed production tech-
niques by leveraging water chemistry monitoring resources to minimize the exposure 

Blue Ribbon Panel 2012, chapter 6), although the long-term viability of this strategy is 

Figure 4.7 Landing statistics for Oregon 
and Washington from 1980 to the present. 
Data obtained from National Marine Fisheries 
Service (2012).
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Impacts on coastal systems are considered among the most costly consequences of a 

2004). However, quantifying the economic impacts of a changing climate is complicated 
by the uncertainty in the physical, biological, and socio-economic factors. Despite these 

changing climate will be a challenge for these economies, which are highly dependent 
on marine resources. 

value of those properties to the cost of building protective structures such as seawalls. 
Heberger et al. (2011) provided planning-level estimates of economic vulnerability by 

future, assuming no adaptation. Although highly variable, the potential negative eco- 
nomic consequences of damage and degradation to infrastructure and ecosystems (de-

-
stantial and pose further threats to public health, safety, and the economic vitality in 
many NW coastal areas.

4.8 Adaptation

Adaptation to sea level rise and other climate change impacts in coastal systems has 

Washington have developed state-based climate change adaptation strategies to ad-
dress impacts across multiple sectors (Oregon Coastal Management Program 2009; 

Figure 4.8 Commercial shellfish 
landings revenue for Oregon and 
Washington as a percent of total 
commercial landings revenue 
for each state (2000–2009). Data 
obtained from National Marine 
Fisheries Service (2010). 
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-
ogy has developed guidance for addressing sea level rise in Shoreline Master Programs, 
which are the locally developed land-use policies and regulations designed to manage 
shoreline use under Washington’s Shoreline Management Act. The 2012/2013 Action 
Agenda for Puget Sound (Puget Sound Partnership 2012) acknowledges the threat of cli-
mate change and suggests near-term actions to address the challenges. Washington and 

Health, which is working to develop a framework to assist state and local governments 
in planning for climate change impacts to coastal areas and communities throughout the 
region (WCGA 2010). 

industry representatives; and conservation community representatives came together 
at the request of Washington State Governor Christine Gregoire to recommend actions 

carbon dioxide emissions, control of land-based pollutants, adaptation and remediation 
of the impacts, monitoring and investigation, stakeholder and public engagement and 

include (Washington State Blue Ribbon Panel 2012):

• Work with international, national, and regional partners to advocate for a 
comprehensive strategy to reduce carbon dioxide emissions;

• Strengthen local source control programs to achieve needed reductions in nutri-

• Investigate and develop commercial-scale water treatment methods or hatchery 
designs to protect larvae from corrosive seawater;

• -
cation and other stressors;

• 

• 

and 
• Provide a forum for agricultural, business, and other stakeholders to engage 

with coastal resource users and managers in developing and implementing 
solutions. 

-
-

to the sharing of information on sea level rise and related research and an expansion 
of the Green Shores
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piloted in Washington State. The Green Shores program fosters “softer” coastal engineer-
ing alternatives that mimic natural shoreline features instead of traditional engineered 
shoreline armoring techniques, such as concrete bulkheads or riprap. As part of this col-
laboration, Washington and British Columbia initiated a “king tides” photo initiative to 
document extreme high winter tides and build awareness around the potential impacts 

natural and human systems. In addition, there are examples of actions that are primarily 
motivated by other factors—habitat restoration or community protection, for example—

 

In the Nisqually River Delta in Washington, estuary restoration on a large scale to assist 
salmon and wildlife recovery provides an example of adaptation to climate change and 
sea level rise. After a century of isolation behind dikes, a large portion of the Nisqually 

with the assistance of Ducks Unlimited, the Nisqually Indian Tribe, and others, have 

Puget Sound (US Fish and Wildlife Service 2010). A new exterior dike was constructed 
to protect freshwater wetland habitat for migratory birds from tidal inundation and fu-
ture sea level rise. More than 57 hectares (141 acres) of tidal wetlands were also restored 
by the Nisqually Tribe. Combined with expansion of the authorized Refuge boundary, 

Nisqually River Delta to provide diverse estuary and freshwater habitats despite rising 

greater Puget Sound estuary.

-
toral cell (a section of coast characterized by sediment sources, transport pathways, 
and sinks), in southern Tillamook County, Oregon, since the late 1990s. The Neskowin 

-
sponse to these coastal hazards in order to support the protection of the Neskowin beach 
and community and explore ways to plan for and adapt to the potential future changes 
in the Neskowin coastal area. 

 
sion hazards, the seriousness of existing risks has motivated Neskowin to conduct a com-
munity-wide risk and vulnerability assessment and to plan for hazard reduction, includ-
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Figure 4.9 Adapting the Nisqually River Delta to Sea Level Rise. Photo Credits: Backhoe (a), Jesse 
Barham/US Fish and Wildlife Service http://www.flickr.com/photos/usfwspacific/5791362738 
/in/set-72157626745822317); Aerial (b), Jean Takekawa/US Fish and Wildlife Service (http://www 
.flickr.com/photos/usfwspacific/5790804083/in/set-72157626745822317)
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(2011) developed coastal vulnerability assessments for all of Tillamook County by ex-
ploring a range of possible climate futures using a suite of simple coastal change models 

is to provide coastal planners with the tools and information to allow for science-based 
decisions that will increase the adaptive capacity of coastal communities in Tillamook 
County as they prepare for future climate change.

Concerned about ongoing dramatic erosion threatening the community beach and 
private property, the NCHC commissioned an engineering study to examine the costs 

revetments, constructing extensive coastal barriers, engaging in costly and perpetual 
beach nourishment programs, or migrating infrastructure inland. Although the cheapest 

Figure 4.10 Recent coastal flooding (Allan et al. 2009), erosion, and failures of coastal protection 
structures in the community of Neskowin, Oregon. Both photographs were taken by Jonathan Allan 
of the Oregon Department of Geology and Mineral Industries (DOGAMI) in 2008 at approximately the 
location of the red star (right hand panel), within a shaded “coastal change hazard zone” (Ruggiero et al. 
2011; Baron et al. 2010). These zones have been incorporated into Tillamook County, Oregon’s Coastal 
Change Adaptation Plan (Rhose 2011). Hazard zones were developed for both the annual and 100-year 
storm events for the time periods of 2009, 2030, 2050, and 2100. Coastal change hazard zones were 
derived from 1,800 scenarios using an array of climate change projections and accounting for coastal 
morphological variability.



  Coasts 95

alternative was to raise the height of the 7,000-foot (2,134-meter) long revetment protect-
ing the shoreline, its estimated cost of $7 million in construction costs alone has raised 
interest in additional options, including: managed retreat, protection of critical infra-
structure (e.g., transportation access, water and sewage systems), new land use and 

-
ment district (M. Labhart, Tillamook County Commissioner, pers. comm.).

The NCHC has proposed the establishment of a “geologic hazard abatement dis-
trict,” as well as new land use recommendations and ordinances for adoption by the 

Figure 4.11 Tillamook County infrastructure coastal change hazard exposure 
analysis (Baron 2011; Ruggiero et al. 2011). Panel (b) shows the number of 
exposed structures; and panel (c) the length of affected roadway, both organized 
by littoral cell, shown in panel (a). Storm exposure analyses were performed for 
both the annual and 100-year storm events for the time periods of 2009, 2030, 
2050, and 2100, assuming local rates of sea level rise within the range recently 
projected for the Central Oregon Coast (see table 4.2; NRC 2012). Results are 
shown for confidence intervals of 98%, 50%, and 2%. The number of structures 
in the Neskowin littoral cell exposed to the annual storm event increases from 
161 in 2009 to 421 in 2100 for the 2% confidence interval. The length of roadway 
impacted by the 100-year storm more than doubles by 2100 (from 5 to 11 km [3.1 
to 6.8 mi]).

(b)

(a)

(c)
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would prohibit new “slab-on-grade” foundations in the hazard zone; require that new 
structures be moveable, either vertically or horizontally on the lot (for example, either 
stem wall or pile foundations); limit creation of parcels to those that include a building 
site located outside the hazard risk zone; and require a 50-year annual erosion rate, plus 

building sites (M. Labhart, Tillamook County Commissioner, pers. comm.). 

4.9 Knowledge Gaps and Research Needs

There are a number of priority research topics that will improve our understanding of 
how coastal marine ecosystems and human systems will be impacted by future climate 
change. Further study is needed to more fully understand contributions of terrestrial 

change in the future.
-

vertical deformation rates are of the same order of magnitude as that of sea level rise. 

consequences of sea level rise and other coastal hazards (Dalton et al. 2012).

and deep water) pH and carbonate saturation states along the West Coast are needed, 

anthropogenic CO2 and its appearance as upwelled waters along the NW coast. Some 

-
essary to determine how NW marine species and communities may respond to future 

available or very limited for local species. 

-
mies reliant on them, may depend on the ability to anticipate the general magnitude 
and direction of these changes. Additional research is needed regarding how the loss of 

-

industry and coastal communities. 

will change with climate change and regarding a possible link between warmer ocean 
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temperatures and hypoxic events. Lack of time series data and adequate spatial cover-
age make risk assessments challenging (Dalton et al. 2012). Considerable uncertainty 

abundances, and diversity of marine species.
Additional research topics that should be considered for future funding include 

the development of more robust and comprehensive NW regional climate change eco- 
 

tegies most applicable to the region.
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Chapter 5 

Forest Ecosystems
Vegetation, Disturbance, and Economics 

AUTHORS 
Jeremy S. Littell, Jeffrey A. Hicke, Sarah L. Shafer, Susan M. Capalbo,  
Laurie L. Houston, Patty Glick

5.1 Introduction

Forests cover about 47% of the Northwest (NW–Washington, Oregon, and Idaho) (Smith 

Figure 5.1 Land cover 
characteristics and vegetation types 
of the Northwest. Forests cover 
about 52% of Washington, 49% of 
Oregon, and 41% of Idaho. Data: 
National Center for Earth Resources 
Observation and Science, US 
Geological Survey, 2002. 

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_ , © 2013 Oregon Climate Change Reasearch Institute 5
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-
-

-

-

Dendroctonus ponderosae
beetle (

-
tion to other biomes including high-elevation systems, grasslands, and shrublands, and 

outbreaks, and disease). We also describe the vulnerability of forest ecosystem services 

5.2 Direct Climate Sensitivities: Changes in Distribution, 
Abundance, and Function of Plant Communities and Species

-

-
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-
-

-

growth, and increases in mortality, vulnerability to insects due to host tree stress, and 

Figure 5.2 Historical (top, 1916–2006 average) 
June–August total water balance deficit (PET–
AET) and future (bottom, 2030–2059 average) 
change in deficit as calculated using Variable 
Infiltration Capacity hydrologic model runs forced 
with projections from an ensemble of 10 global 
climate models (as in Littell, Elsner, et al. 2011). 
Except for the higher elevations of the Olympic 
Mountains, Cascade Range, and northern Rocky 
Mountains, summer deficit in the 2040s is 
projected to increase in most of the Northwest 
due to increased temperature and decreased 
precipitation. These changes are expected to 
change the geography of climatic suitability 
for current species and vegetation and alter 
disturbance regimes.
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-

P. contorta

-

-
-

-

-

-

-

increases in the Northwest whereas grasslands and forests decrease. 

-
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-

-
-

-
st century under a moderate 

-
-

-

Figure 5.3 Historical (1971–2000) vegetation  
and three projections of future (2070–2099, 
SRES-A2 scenario of continued growth of 
greenhouse gas emissions) vegetation for parts 
of Washington and Oregon simulated by MC1, a 
dynamic global vegetation model (after Rogers 
et al. 2011). (A) Simulated historical vegetation; 
(B) HadCM3; (C) CSIRO Mk3; (D) MIROC 3.2 
medres. Note the simulated future contraction 
of subalpine forest and expansion of temperate 
forest, particularly in B and D. Data: http://bitly.
com/JU39Zy, 2010, http://databasin.org/.
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Figure 5.4 Maritime evergreen coniferous forests (left) are characteristic of wetter, cooler habitats of 
the Oregon Coast Range, west slopes of the north and central Cascade Range, and some parts of the 
interior Northwest. Drier temperate evergreen coniferous forests (right) are characteristic of interior 
forests of most of the Northwest and the southern central Cascade Range. Under two of three future 
climate simulations evaluated by Rogers et al. (2011, fig. 5.3), most of the area currently in maritime 
forests will have climates associated with temperate forests by the late 21st century. Photos: J. Littell

Figure 5.5 Subalpine forests in the drier eastern Cascade Range (left) and 
wetter western Cascade Range (right) are projected to decrease in area 
substantially as temperatures increase in most of the Northwest (Rogers 
et al. 2011). Particularly in eastern Cascade Range forests, the effects 
of disturbance from fire, insects, and disease may accelerate vegetation 
changes. Photos: J. Littell
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-

-

will increase where trees are energy-limited (e.g., higher elevations) and decrease where 
-

-

2

-

-

including regional variability, occurs in other modeling studies as well (e.g., Smithwick 
-

-

and functioning of the forests of the Northwest. Statistical and mechanistic modeling 

st -
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-
ticular concern at high elevations is the limited 

-

-

disturbances. 
Peninsula of Washington State), suitable climates 

-
-

-
-

), and 
) in the region (e.g., 

Grasslands and Shrublands

-
 

of the region, the extent of these systems has al-

and a range of stressors associated with human 

change across the Northwest will likely be highly 

In western Oregon and Washington, grass-

-
-

-
-

lower elevations as a result of climate change also 

-
larly, several studies suggest that habitat suit-

) is likely 

(
( ), on the other hand, are 
likely to be more vulnerable to climate change 

-

-

eastern Oregon and Washington simulate large 
declines in current distributions of shrublands un-

by woodland and forest vegetation.

and shrubland systems throughout the Northwest 
-

BOX 5.1
Changes in Non-forest Systems: High-Elevation Habitats,  

Grasslands, and Shrublands 
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Centaurea x ) is found  

 
 

thistle ( -

) into 
grassland and shrubland areas of eastern Oregon 

Future Changes in Wildfire in  

Non-forested Systems

-

( -
-

sion over the last century has altered historical 

 

and Washington using future climate simula- 
 

-
sions scenario of continued growth for 2070–2099. 

under all three simulations, whereas area burned 
increased for one simulation but decreased for  

sage-grouse). 

to grassland and shrubland systems from invasive 

medusahead ( ), cheat-
grass (Bromus tectorum), and red brome (Bromus 

 

-
eas of the Northwest while decreasing in others 

vegetation modeling studies is that they often fo-

-

climate changes. 

BOX 5.1 (Continued)

Figure 5.6 A high-elevation 
meadow in the Cascade Range  
near Crater Lake, Oregon (left)  
and shrubland in eastern Oregon 
near Malheur Lake (right). Photos: 
S. Shafer



120 CLIMATE CHANGE IN THE NORTHWEST

5.3 Indirect Effects of Climate Change through Forest 
Disturbances

-

future climate changes may also be mediated by a number of other factors, including 
-

of change in vegetation and biodiversity will be driven by a combination of climate-
 

both disturbances and regeneration are key to understanding future vegetation 

Figure 5.7 Areas of recent fire and insect disturbance 
in the Northwest. The total area of forest impacts due 
to recent disturbance is high, and climate change is 
expected to increase the probability and alter the spatial 
distribution of fire and insect outbreaks in much of 
the region. Therefore, future changes in forests may 
be controlled more by the effects of disturbance and 
subsequent vegetation regeneration than by direct 
climate effects on vegetation. Fire data: Monitoring 
Trends in Burn Severity (MTBS, http://www.mtbs.gov/) 
fire perimeter polygons (1984–2008) (Eidenshink et al. 
2007). Insects and disease data: Aerial Detection Survey 
(ADS, http://www.fs.fed.us/foresthealth/technology/
adsm.shtml, 1997–2008). 
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5.3.1.1 Climate Influence

(e.g., Westerling et al. 2006), during which existing fuels become available to burn (e.g., 

-

-

-

an increase in area burned (Westerling et al. 2006). In some ecosystems, the maximum 

-

-
-

-

-

climate on interannual to interdecadal time scales. 

5.3.1.2 Past and Projected Future Fire Activity
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-

-

-
ing on the time frame, methods, future emissions and climate scenario, and region. 

 

th -
 

exceeding the late 20th th -
-

-

-
-

-
st
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st

-

 
-

-

Washington). 

5.3.2.1 Climate Influence
Insects are key agents of disturbance in the forests of the Northwest. Outbreaks of bark 

-

-

5.3.2.2 Past and Projected Future Insect Outbreaks
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-

-
tion to the climatic factors.

Figure 5.8 Mountain pine beetle kills several pine species native to the Northwest (left) and frequently 
results in substantial tree mortality across large areas of regional forests (right). Increasing temperatures 
have synchronized the insects’ life cycles and reduced winter beetle mortality, facilitating outbreaks in 
places where mountain pine beetle activity was historically low or absent. Projected future climate 
changes suggest increasing areas of NW forests suitable for outbreaks at high elevations (Hicke et al. 
2006). Photos: J. Hicke 
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-

 

-
]) (Evangelista et al. 

-

]) due to climatic conditions less favorable for outbreaks (Evangelista et al. 
-

-
2 -

5.3.3.1 Climate Influence
-
-

-

-

-
-
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-
matically caused increases in  root rot in western conifers. However, as with 

5.3.3.2 Past and Projected Future Disease Outbreaks

disease caused by 

by Phytophthora ramorum
-
-

-

 

high risk and 

-

 

-

-
-

-
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5.4 Implications for Economics and Natural Systems 

forests (described in earlier sections) on other dimensions including timber markets, 
-

-
-

-

-

timber uses. 

-



128 CLIMATE CHANGE IN THE NORTHWEST

-
 

-

 

 

-
-

Table 5.1 Percent and totals of forest land by ownership for 
Washington, Oregon, and Idaho

Total Ownership Washington  Oregon  Idaho
(%) (%) (%) (%) (%)
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5.4.1.1 Timber Market Effects
-

-

-

5.4.1.2 Economic Effects of Disturbance

-
-

incidence and extent of root diseases (such as ), will damage the growth and 

 and 
addition to yield losses, increasing bark beetle-caused tree mortality will likely cause 

-

5.4.1.3 Non-Timber Market Effects
-
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-
-

longer season, while cross country skiers and other winter visitors may lose recreational 
-

-

activities.
-

-

analysis of changes in recreation uses has not been conducted in the Northwest, regional 

-

5.4.1.4 Valuing Ecosystem Services
-

logical function, and many ecosystem services are not traded in markets and thus lack 
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-
-

-

valuing the changes in the levels of ecosystem services is measured as a change in the 
area under a demand curve for these goods and services, commonly referred to as a 

a single factor (such as climate change) on changes in ecosystem goods and services is 

 

• -

• 

• 

• 

their marginal values, will change due to climate changes is an area of further research. 
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-

-

-

Euphy-

( , 

-
-

st

-
sociated with late-seral/old growth forests such as marbled murrelets (Brachyramphus 
marmoratus

-

-

-

systems – those relatively unmanaged systems such as wilderness – may result in high 
-
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-

-
-

2 

-

-

-

5.5 Knowledge Gaps and Research Needs

-

 
 

-

-

-
-
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-
cluding feedbacks.

-

 
-

Northwest, as does the role of forest land use changes in the Northwest of the future. 

-

that decrease forest vulnerability to climate change will greatly assist the transition from 

-
-

5.6 Adaptive Capacity and Implications for Vulnerability

 

-
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-

-

reduce tree mortality from insect outbreaks, 

decreasing the vulnerability to severe disturbances.
-
-

-
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Chapter 6 

Agriculture
Impacts, Adaptation, and Mitigation

AUTHORS 
Sanford D. Eigenbrode, Susan M. Capalbo, Laurie L. Houston,  
Jodi Johnson-Maynard, Chad Kruger, Beau Olen

6.1 Introduction

Agriculture is critical to the environment, economy, and cultural identity of the North-
west (NW) region. Approximately 24% of the land area of Washington, Oregon, and 
Idaho is devoted to agricultural crops or rangeland and pastureland (US Department 
of Agriculture [USDA] Census of Agriculture 2010). Agricultural commodities not only 
contribute directly to the GDP of the Northwest, but also support food system econo-
mies of the region and provide the economic and cultural foundation for rural popula-
tions. The principal crops are wheat, potatoes, tree fruit, sugarbeets, legumes, and forage 
crops, but approximately 300 minor crops are also grown (USDA National Agricultural 

-
mal operations for beef and dairy (USDA Census of Agriculture 2010). These agricul-

seasonal distribution of precipitation in the Northwest (see Chapter 2). 

agricultural sector, geographic location, global climate models (GCMs), and emission 
scenarios used. In parts of the region, warmer, drier summers will potentially cause 
yield reductions due to heat and drought stress or increase demands for irrigation water 

and wine grapes that require chilling for fruit set and quality (Jones 2005). Heat and 

Furthermore, expected increasing atmospheric CO2
st century in 

impacts assessed (e.g., average yield), and the climate scenarios considered. Most results 
depend upon assumptions regarding availability of irrigation water, and the studies rely 

-

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_ , © 2013 Oregon Climate Change Reasearch Institute 6
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of this literature will help delineate the extent of current knowledge and identify needs 
for additional study to understand the challenges and opportunities that climate change 
presents for NW agriculture. 

6.2 Environmental, Economic, and Social Importance

-
gether contribute substantively to the region’s economy, cultural identity, and social 

-
stantial because of the large areas devoted to it and the intensity of management of these 
lands. The value of agricultural commodities for Washington, Oregon, and Idaho totals 
$17 billion (USDA Census of Agriculture 2010), or 3% of the region’s GDP. Farming 

Figure 6.1 Northwest agricultural systems are diverse, ranging from extensive rain-fed livestock 
grazing to intensive horticultural production systems dependent on irrigation. Major production systems 
include (clockwise, from top left): extensive livestock grazing (courtesy of Jodi Johnson-Maynard, Oct. 
11 2012); center top, irrigated field and row crop systems (processed vegetable, forages, grains, etc.) 
(courtesy of Soil Science, May 18, 2009); tree fruit (courtesy of Peggy Greb, USDA-ARS); confined 
animal feeding operations (dairy and feedlot) (courtesy of Dana Pride, August 1, 2011); irrigated 
row crops (potato) (courtesy of Brad King, USDA-ARS, Kimberly ID); rain-fed cereal grain systems 
(courtesy of Dag Endresen, July 28, 2009); vineyards (courtesy of Dana Pride, August 1, 2011); 
more livestock grazing (courtesy of Dana Pride, August 1, 2011). All Creative Commons Attribution. 
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-

State Department of Agriculture 2011). In Oregon, agriculture provides over 234,000 

all economic activity in the state (Sorte et al. 2011). In Idaho, agriculture generated 11% 

(Watson et al. 2008). Agriculture is very diverse in the region and includes approximate-

wheat, potato, hay (e.g., alfalfa), greenhouse and nursery, tree fruit, and vineyard. These 

-
etable and fruit production (USDA Census of Agriculture 2010). Washington, Idaho, and 

-

region’s more than 900,000 dairy cows account for 11% of US milk production and Or-

Agriculture provides the cultural fabric and sense of identity for many rural com-
munities of the Northwest. Ranching and farming have been ways of life for generations 
and many agricultural families continue to farm land homesteaded by their ancestors. 
Many communities throughout the region are built around agricultural service indus-
tries. Agriculture remains predominant in shaping new cultures of these regions, even 
though the face of agriculture has changed in parts of the Northwest through farm con-
solidation, the advent and expansion of irrigation-dependent sectors such as wine, tree 

The average proportion of the total land area devoted to crops and pastureland for 

While the land area devoted to agriculture nationally has declined by 12% since 1982, 
that decline has been only 3.5% in the Northwest in the same period (USDA 2009). Al-
though the reasons for this are complex, the trend suggests a sustained importance of 
agriculture for the economy and environment of the region.

The extensive agricultural lands and rangelands in the Northwest are key compo-
nents of the complex ecology of the region. As is true throughout the world, agricultur-
ally managed lands and native or less disturbed habitat are intermingled on landscapes 
and must be considered as complex interacting systems (Daily 1997; Farina 2000; Dieköt-
ter et al. 2008). In the Northwest, grasslands now managed for grazing still contain 

and Mosely 1997). Elsewhere, such as in the Palouse of eastern Washington and north-
-

tems are embedded in landscapes mostly converted to production agriculture. In these 

Although studies documenting the impacts are lacking, ecosystem services from native 
habitats are likely important in NW agricultural systems.
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Ultimately, considerations of the impacts of climate change on NW agriculture must 
-

munities, and natural ecosystems of the region.

6.3 Vulnerabilities to Projected Climate Change

The potential impacts of climate change on agriculture worldwide are a serious concern 

tends to be greater in the subtropics and tropics than in temperate zones within which 

Figure 6.2 Agricultural areas of the Northwest region. Much of this heterogeneity reflects climatic 
constraints, primarily temperature and precipitation regimes, and availability of water for irrigation. 
Production systems are diverse and heterogeneous within each zone. For example, irrigation allows 
production of potatoes, vegetables, fruits, corn, seed crops, and other commodities. Within any area 
local conditions or producer preferences produce heterogeneity of practice not shown here. For 
example, “mixed crops” in the Willamette Valley and elsewhere can include irrigation and rainfed 
systems in close proximity. (Figure prepared by Rick Rupp, Washington State University. Data sources: 
USDA NASS CropScape (http://nassgeodata.gmu.edu/CropScape/), USGS, US Geological Survey, ESRI 
- Environmental Systems Research Institute, TANA – TeleAtlas, North America, AND – Automotive 
Navigation Data (Rotterdam, Netherlands)
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the NW region is located (Rosenzweig and Parry 1994; Parry et al. 2004; Parry et al. 2005; 
Schlenker and Roberts 2009). Tubiello et al. (2002), in an evaluation of climate change 
impacts on US crop production, concluded that climate change generally favors north-
ern areas and can worsen conditions in southern areas. Nonetheless, NW agriculture 

-
able annual and seasonal precipitation or irrigation supplies from annual surface water 
sources, adequate temperatures and growing seasons, and the sensitivity of crops to 

-
els of uncertainty (see Chapter 2), during the coming century. According to the IPCC 
(Easterling et al. 2007) warming that exceeds 4.5–5 °C (8–9 °F) in higher latitude regions 
worldwide will tend to overwhelm autonomous adaptation causing declining yields. 

st 
century under the Special Report on Emissions Scenarios (SRES)-A2 emissions scenario 
of continued growth (Kunkel et al. 2013; Nakić enović  et al. 2000). Models are also in 
relatively good agreement that heat extremes (days with maximum temperature greater 
than 32 °C [90 °F]) and precipitation extreme events (days with more than ~2.5–10.2 
cm [1–4 in] of precipitation) will increase in the NW region (see Chapter 2), which can 

temperatures in early June reduced yield in spring wheat in the Northwest in 2012 and 
2002. Despite these recent examples, observations show a pronounced shift toward ear-

The principal climate change drivers leading to impacts on NW agriculture dif-

warming trends will bring increases in the probability of heat-related stress and water 

-
mospheric CO2

due to CO2 fertilization at least until mid-21st -
-

dition, increases in CO2

2
 

warming are premised on increasing atmospheric CO2 concentrations. Although CO2 
 

2 fertiliza- 
-
 

likely to be important for agricultural systems. 
Climate-related changes in pressure from plant diseases, pests, and weeds are also 

from insect pests, stemming from changes in geographic ranges, dates of spring arrival, 
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NW crops are potentially limited by climatic conditions and could become more seri-

in the generations or intrinsic growth rates of aphids potentially increase pressure from 
these pests, whose development is dependent upon accumulated degree days (Clement 
et al. 2010). Many pests are kept in check by natural enemies and warming could alter 

-
creases in pest pressure (Thomson et al. 2010). Whereas insects are generally responsive 
to temperature, pathogens respond more to humidity and rainfall (Coakley et al. 1999). 
The severity of diseases caused by fungal pathogens of cereals can change with climate 

Table 6.1 Climate change drivers and their implications for Northwest 
agriculture

Increase in mean summer temperature Heat stress-related reductions in yields and  
 

 livestock; changes in pressure from pests,  
 diseases, and invasive species 

Increase in mean cool-season temperature Greater productivity or survival of winter  
 crops and cold-sensitive perennials; changes  
 in pressure from pests, diseases, and  
 invasive species

 
 and cropping system design; changes in  
 pressure from pests, diseases, and invasive  
 species

Increase in growing degree days Faster maturation of some crops; changes in  
 pressure from pests, diseases, and invasive species

Increase in mean evapotranspiration Greater risk of drought stress

Decrease in summer soil moisture Greater risk of drought stress of rain-fed crops  
 and those dependent on surface water irrigation

Decrease in mean summer precipitation Greater risk of drought stress of rain-fed crops  
 and those dependent on surface water irrigation

Increase in mean winter precipitation Greater available soil moisture for establishing  
 

 impede spring planting operations in some  
 systems.

Increased atmospheric CO2 (not a climate Potentially increases productivity of annual and 
 

warming depend upon increased 
greenhouse gases, including CO2)
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depending upon the requirements of the fungi for soil moisture levels and temperature 

soil moisture is adequate and temperatures are optimum. Under extremely dry, cold, or 
hot conditions, fungi cease growth and form resistant structures to survive until condi-

-
bution of fungal diseases. Increased temperatures could increase pressure from weed 
species that are drought tolerant and respond well to increased temperatures, notably 

Bromus tectorum
-

pest, disease, and weed complexes.

6.4 Potential Impacts of Climate Change  
on Selected Subsectors 

on NW agriculture currently available was conducted as part of the Washington Climate 

those publications, but supplements with additional information, including prior and 
subsequent publications. Each of the agricultural sectors across the region has distinct 

change on these sectors. Where published studies are available we treat these sectors 

will depend upon the degree of climate change, local conditions, policies, markets, and 
other factors. 

Figure 6.3 Northwest agricultural 
commodities with market values shown 
in $ (billion) in 2007. Potential effects 
of climate change on these sectors, if 
any have been projected, are shown. 
Detailed discussion of these potential 
effects is provided in the text of this 
chapter. Total value of commodities is 
$16.8 billion (source: http://www 
.agcensus.usda.gov/Publications/2007 
/Full_Report/Census_by_State/)
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6.4.1.1 Dryland Cereal Cropping Systems
The semiarid portions of central Washington and the Columbia Plateau in Washing- 
ton, Oregon, and Idaho support cereal-based cropping systems without irrigation. The 
region can be subdivided into agroclimatic zones (Douglas et al. 1992) ranging from  

 
where winter wheat-fallow production predominates, to cooler, wet zones (located in 

cool season legumes in rotation with spring and winter cereals. Depending upon emis-

reductions in summer precipitation and warming, which potentially reduce yields or  
exacerbate production challenges on marginal lands, as is currently the case in the west-

mean temperature and warm weather episodes and decreases in summer soil mois-
ture levels would likely reduce yields of wheat and other cereals in all zones. Wheat is 
vulnerable to heat stress, which can accelerate wheat senescence (the period between 
maturity and death of a plant or plant part) and reduce leaf and ear photosynthesis, 

-
pacting grain quality (Ortiz et al. 2008). Warmer, drier conditions could exacerbate soil 
erosion by wind and reduce early stand establishment of winter wheat on summer fal-

would be severe by end of 21st

CO2 

Washington) non-irrigated winter wheat production to increase 10–30% by 2030, rela-

irrigated winter wheat yield increases of 19–23% with warming of 1 °C (1.8 °F) over the 
2

by the 2020s, 13–25% by the 2040s, and 23–35% by the 2080s for a range of locations 
across Washington State, relative to baseline climate (1975–2005) when warming and 
CO2 fertilization were included. In the same study, dryland spring wheat yields for a 

obtained depend upon the production zone and planting date, with lower increases or 

earlier in the season, avoiding higher temperatures during vulnerable stages. The mod-
els were based on changes in mean temperatures and did not consider the frequency of 

less certain.
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Depending on the timing of that precipitation, planting of spring wheat could be ham-
pered, reducing yields or causing a shift toward more winter cropping. On the other 

-

impede late summer and fall planting of these crops, reducing germination and stand 
establishment.

Several species of cereal aphids are periodically pests of wheat in the region. Flights 
 

al. 1985; Davis et al., in preparation). Some of these species are vectors of Barley yel-
low dwarf virus 

-
Oulema mela-

nopus), a recent invasive pest of the Northwest, than are current climates; on the other 
hand, the phenological overlap between this pest and a successful biological control 
agent, the parasitoid wasp (Terastichus julis) (Roberts and Rao 2012), -

 
Evans et al. (2012) found that warmer springs were associated with lower rates of para-
sitism by T. julis, using a 10-year record of surveys in Utah, suggesting that longer term 

Reproduction by the parasitic wasp, Cotesia marginiventris  

drastically by a 3 °C (5.4 °F) increase in summer temperatures, potentially disrupt- 
 

2009). 

6.4.1.2 Irrigated Annual Cropping Systems

river valleys along the eastern slopes of the Cascade Mountain Range, and all of the 

and summer precipitation. The agriculture in these areas is dependent upon irrigation, 

-
-

warming trends that could increase demands, potentially exacerbate water shortages 
for irrigation in some locations. For a rise in temperature of 1 °C (1.8 °F), irrigation de-

al. 2002), such as those that prevail in much of the NW region. A study focusing on the 
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agriculture, but soil moisture in spring remains relatively low. These trends suggest in-
creasing water demands in the future (Hoekema and Sridhar 2011). The Washington 
State Department of Ecology (2011) indicates that future economic conditions may mod-

-

Potatoes are a principal crop grown under irrigation in central Washington and the 
Snake River valleys of Idaho. Potato yields or quality are susceptible to warming in three 
important ways. First, rising temperatures accelerate plant development and leaf senes-

impedes translocation of carbohydrates from plant tissue to tubers, resulting in reduced 
-

riods during tuberization (formation and expansion of tubers) can contribute to lower 

2 fertilization, 

2 fertilization is included in these pro-

on CO2
 concentrations and temperature increases. Stöckle et al. (2010) concluded that 

yield losses by end of the 21st century would be only 2–3% for all scenarios when the ef-
fect of CO2 fertilization is included. In contrast, Tubiello et al. (2002) found potato yields 

by the year 2090 relative to baseline climate (1951–1994) and based on CO2 fertilization 
2 concentration. Tubiello et al. (2002) used 

two separate GCMs (HCGS and CCGS) and a crop growth model (DSSAT). The large 

modeled. 
Potato pests in Washington State, including aphids and the Colorado potato beetle 

(Leptinotarsa decemlineata) are partly kept in check by a suite of natural enemies (Crowder 
et al. 2010). Ongoing work at Washington State University (D. W. Crowder, pers. comm.) 

 
degree days, with implications for managing these pests under future climates. The po-
tato psyllid, Bactericera cockerelli, has become established in the region and is a threat as 
a vector of Candidatus solanacearum responsible for Zebra chip disease in po- 
tatoes. Some authors have suggested that invasion by the psyllid was facilitated by 

-
ever, if future warming trends would exacerbate problems caused by this pest. 
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6.4.2.1 Tree Fruit and Small Fruit

Oregon, and central Washington, and other small, localized areas like the Hood River 

areas in the world (Washington State University Tree Fruit Research and Extension Cen-
ter). In all of these regions, fruit production requires irrigation. These systems may be 

their phenology. Fruit and nut trees require chilling periods in order to ensure uniform 

chill requirements that are necessary for them to break seasonal dormancy in spring 

or staggered bloom, decreased fruit set, and poor fruit quality, which will decrease the 
-

tures could disrupt chilling, potentially reducing fruit set for tree fruits that are cur-
rently productive in parts of the Northwest. On the other hand, these trends could also 
allow some species and varieties of tree fruit and nuts that are cold sensitive to be grown 

winter chill accumulation, “the ecological niche of many fruits and nuts in the Western 

across the West Coast as climate change progresses, but the Northwest may experience 
a less severe decline than tree fruit growing areas in California over the 21st -

-
tivity after fruit set and may require adaptations in crop load management (e.g., fruit 
thinning). For one important tree fruit currently produced in the region, namely irrigat-

for the 2020s, 2040s, and 2080s, respectively, under an emissions scenario with continued 

2 is considered, yields 

These results assume current crop load management practices remain the same. Similar 
-

making the trees more vulnerable to frost as has occurred more frequently in the eastern 
United States (Gu et al. 2008). In addition, fruit and nut trees are relatively water inten-
sive crops (Stöckle et al. 2010) and across much of the Northwest they are dependent 
upon irrigation, which may pose production risks as water supplies become scarce in 
locations where there are competing demands for water (Washington State Department 
of Ecology 2011).

examining the implications of climate change for managing them. The principal pest 
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6.4.2.2 Wine Grapes and Wines
-

-
sures of climate are already observed in wine-growing areas of the Northwest, though 
most published studies have focused on Oregon. Oregon’s wine regions have seen the 
length of the frost-free period increase by 17 to 35 days in the past century (Coakley et 
al. 2010). Climate warming could cause shifts in which varieties are produced in spe- 

 

-
tant varieties in the Northwest could become nonviable where currently grown (e.g., 

Pinot Gris would be exceeded by 2040, resulting in annual lost production value of $24 
million. On the other hand, as the climate warms, new varieties of grape will become vi-

et al. 2011). Many wine varieties that are currently grown in California are anticipated 
to become viable in the cooler climates of Oregon and Washington as climate change 

-
placing the long-lived vines must be taken into consideration. The long productive lives 

producers are experimenting with warmer climate grape varieties in the northern Wil-

large scale, in part because these varieties are not able to ripen consistently. The 2011 

end cool climate grapes such as Riesling rather than invest in varieties that are in a new 
heat bracket.

acres planted and wine revenue in recent years. In 2010, the value of production for 
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NASS 2011a). There were 43,849 planted acres in 2011 versus 31,000 planted acres in 

In Oregon, the value of production for wine grapes exceeded $81 million in 2011, up 
from $42 million in 2005. There were 20,400 planted acres in 2011 versus 14,100 planted 

-
ment with the potential life of the vineyard in excess of 50 years and establishment costs 
approaching $20,000 per acre (Julian et al. 2008). Sixteen varietals predominate in the 
Northwest including Riesling, Chardonnay, Pinot Grigio, Cabernet Savignon, Merlot 
and Pinot Noir. Given the expected long life of vineyards and high costs to establish 

vineyards at lower elevations may no longer have the appropriate microclimate for pre-
mium wine production. This would force growers to choose between producing lower 

-

pests and pathogens. 

6.4.3.1 Rangeland
Grazing lands provide important ecosystem services for production of beef, dairy, and 
sheep, regulation of water supplies, genetic resources (plant materials used for resto-

-
ing lands, as well as the ecosystem services they provide, knowledge of the impacts of 
climate change on these systems is critical. Rangeland systems are known to be hetero-
geneous and sensitive to extreme events and variation in weather, suggesting that these 

 
vasive species and changes in plant productivity and nutritional value. These impacts 

2 levels, and changes 

in cooler climates within the Northwest as long as nutrient resources are not limiting. 
Rangeland systems located in warmer, drier climatic zones may experience a decrease in 
productivity if temperatures exceed the optimum range of the plant species in the area 

°F) in a tallgrass prairie extended the growing season by an average of 19 days, increased 

moisture in one out of three years. Grasses grown under enriched CO2 conditions gen-
erally show an increase in growth with the rate depending on photosynthetic pathway 
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al. 2011). Competitive advantages under enriched CO2 conditions may lead to species 
replacement (Dukes et al. 2011) and potential undesirable changes in both productivity 
and forage quality. Morgan et al. (2004) reported enhanced productivity (41% greater 
above-ground biomass) in a CO2 enrichment study with three shortgrass steppe spe-

Stipa 
comata). The authors of this same study reported decreased digestibility of all three spe-
cies when grown under enriched CO2 conditions. Enrichment of CO2 may also lead to 

soil water storage will likely depend on the type of rangeland system (Parton et al. 2001), 

A warming climate could potentially exacerbate pressure from invasive species that 
can degrade rangeland and abundance and feeding by insect pests. For example, cheat-
grass (Bromus tectorum) is adapted for rapid early growth to avoid drought, and yellow 
starthistle (Centauria solsticialis
help these species outcompete native grasses and other higher quality forage species. 
Above-ground biomass of C. solstitialis increased more than six-fold across warming, 
precipitation, nitrate, and burning treatments when CO2 

et al. 2011). Cold-intolerant annual invasive grasses may also be favored by warmer tem-

drivers could exacerbate plant invasions of western rangelands.
-

through their contributions to nutrient cycling, they also can become pests by competing 
-

sitive to temperature (Joern and Gaines 1990). Some northern species of grasshoppers 
have a multi-year lifecycle, spending two winter periods in the egg stage (Fielding 2008; 
Fielding and Defoliart 2010). Fielding and Defoliart (2010) reported that increasing soil 

Melanopus borealis and 
M. sanguinipes by 3, 5, or 7 days. The authors suggested that this range of temperature 
increases, along with other factors, could cause an increase in univoltinism (reproducing 
every year instead of alternate years), with implications for population sizes. Grasshop-

-

The ability of rangeland systems to adapt to expected changes in climate within 

most likely depend on the type of system. Grazing systems in arid to semiarid zones 

change. Current estimates from Wyoming, for example, suggest that increased vari-

et al. 2010). A comparable study is not available for NW rangeland, but rangelands of 
the region could have similar vulnerability. Factors that impart resiliency in rangeland 
systems include availability of supplemental feed during dry periods and the availa- 
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for integrating crop and animal production where feasible should be evaluated as an 
adaptation strategy for grazing management.

6.4.3.2 Pasture and Forage

quantify due to a relative lack of research on pasture grasses as compared to crop spe-
cies and the complex interactions between environmental conditions and factors such 
as plant competition and seasonal shifts in productivity (Izaurralde et al. 2011). The re-

biomass production by C3 plants (plants in which the CO2

containing three carbon atoms before entering the Calvin cycle of photosynthesis; most 
temperate broadleaf plants and many temperate grasses are C3 plants) than C4 plants 
(Greer et al. 1995).

Similar to rangeland systems, forage and pasture will be impacted by climate change 
in multiple ways. Elevated CO2  concentrations will diminish forage nutritional quality 
by reducing plant protein and nitrogen concentrations and can reduce the digestibil-

a CO2 enrichment experiment in a shortgrass prairie caused the protein concentration 
of autumn forage to fall below critical maintenance levels for livestock in three out of 
four years and reduced the digestibility of forage by 14% and 10% in mid-summer and 
autumn, respectively (Milchunas et al. 2005).

Adams et al. (2001) econometrically estimated crop yield changes, including alfalfa 
and hay, in relation to baseline climate (1972–2000) in four regions of California (Sac-

and HCGS). This study accounted for CO2 fertilization and assumed an annual rate of 
technological progress of 0.25%. Across the 24 scenarios, alfalfa hay yields were esti-
mated to increase by 3–22%.

2

alfalfa hay yields to increase by 4% by 2025, 4–5% by 2050, and 0–7% by 2075, expressed 
as percentage deviations from mean 2000 yields. These results correspond to average 

-
tinued growth (SRES-A2) emissions scenario, as determined by six separate GCMs cou-
pled with a crop-ecosystem model (DAYCENT).

Caution must be taken when trying to extrapolate the results of these studies to the 

do not show a consistent response to climate change across counties ranging from a 3% 
-

theless results of the California studies can help assess potential impacts on on NW for-
age systems. Thomson et al. (2005) reported greater increases in alfalfa yields in the 

-
creases in this study range from 33–43% with warming of 1 °C (1.8 °F) above the baseline 

2
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GCMs coupled with an agricultural production model (EPIC). Warming of 2.5 °C (4.5 
°F) and CO2

27–45%. Overall results of climate and crop-growth models suggest an increase in al-
falfa production in the Northwest, as long as water is not limiting. Research on other 
important forages grown in the Northwest should be conducted to determine potential 
changes in yield and nutritional content.

6.4.3.3 Dairy and Other Confined Animal Operations

and hay described in the previous sections. Similar to the other livestock production sys-
tems, direct impacts of climate on animal health will also need to be considered. Non-
optimum temperature, for example, impacts animal immunological, physiological, and 
digestive functions (Nienaber and Hahn 2007; Mader 2009).

Frank (2001) used two GCMs (CGCM1 and HCGS) and livestock production-re-

in six regions of the United States. In the region that includes the seven western states, 
a doubling of atmospheric CO2 reduces dairy cow yields, as measured by kilograms of 
fat-corrected milk, by 0.1–0.2%. Doubling CO2 also increases the number of days for 

2 

industries of Oregon and Washington as a result of climate change. They estimate the 

2 
under the very high growth emissions scenario (SRES-A1FI). A recent study of the ef-

shades, sprinklers, and evaporative cooling systems, as well as changes in genetic stocks 
and breeding may be necessary to maintain economic sustainability (Mader 2009).

-

-

over 170 crops, including tree and small fruits, grains, grass and hay, ornamentals, turf-
grass, vegetables, and viticulture. Increases in annual or cool season precipitation in this 
already wet region (Chapter 2), or more frequent and higher intensity rainfall events, 

invasion risk by pests, diseases, and invasive weeds (Coakley et al. 2010). The diversity 

that would impart resilience to climate change, but constraints include costs of changing 
production systems and availability of markets. 
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-
ern and northern Idaho, vegetable seed, alfalfa seed, bluegrass, and other grass seed 

Throughout the Northwest, canola or other brassica oilseed crops are produced 
mostly for edible oils. There is a growing interest and potential for substantial increases 
in acreage of oilseed brassicas as energy crops. In rotation with cereal crops, oilseed 
brassica provide several advantages for breaking disease cycles and improving soil tilth 

Cam-
elina spp, with potential tolerance to high temperatures and low precipitation, need to 
be considered. Furthermore, compatibility of these oilseed crops with brassica vegetable 

Small-acreage, direct-market farming throughout the Northwest is an important 
area of growth in the agricultural sector (Diamond and Soto 2009). Many of these small-

direct-market fresh produce, and livestock products (Ostrom and Jussaume 2007). There 

cropping systems to climate change in the Northwest, though anecdotal evidence indi-
cates that the diversity of these cropping systems may be an important advantage for 
adapting to climate-induced changes (du Toit and Alcala 2009).

6.5 Potential to Adapt to Changing Climates 

-
able weather conditions, and therefore global agriculture is likely as well positioned as 

well positioned for adaptation. The diversity of agriculture in the NW region in part 
illustrates the capacity of these industries to be productive under climatic conditions 
ranging from the higher rainfall, moderate seasonality, and diverse agriculture of the 

wheat fallow production systems of the Columbia Plateau and the arid rangelands of 
-

selection of crop varieties, to shifts in the crops grown and the transformation of entire 
-

urban markets may be more adaptable than agriculture in semi-arid interiors, where 
wheat production or rangeland grazing predominate. Moreover, throughout the region, 
the potential for agricultural adaptation is constrained by the availability of resources, 
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Although this report focuses on the impacts and 
requirements for adaptation to climate change, 
agriculture is also implicated as a producer of 
greenhouse gases (GHGs) that are drivers of cli-
mate change. Changes in agricultural manage-
ment practices have the potential to mitigate these 
emissions. In the Northwest, the principal oppor-
tunities are (1) reducing tillage of annual crops 
which can increase storage of carbon in soils, (2) 

practices in order to limit nitrous oxide (N2O) 
production, and (3) adopting manure manage-
ment technologies that reduce methane emissions 

-

of reduced tillage on soil carbon stocks in dryland 
agriculture within the NW region. Although data 
are variable, the authors concluded that adop-
tion of no-tillage methods on acreage previously 
farmed using conventional tillage results in car-
bon increases in the surface 5 cm (2 in) of the soil 

20 cm (7.9 in). Depending upon the production 
zone, increases range from 0.11–1.04 megatons 
CO2 equivalents of soil carbon per acre per year. 
Reduced tillage practices other than no-tillage 

simulated representative cropping systems of the 
Northwest and provide a more modest estimate 
ranging from 0.13–0.24 megatons CO2 equivalents 
of soil carbon per acre per year. Since no-tillage 
has not been widely adopted in the region, there 
is potential for annual production systems to store 
more carbon than they do presently. No-tillage 

that have slowed adoption.

Nitrogen applied as nitrate and not taken 
up by crops is available for metabolism by soil 
microbes and one of the products, N2O, is a sig-

Worldwide, there are opportunities to improve 
-

tion of practices and technologies (Snyder et al. 
2009). In NW agriculture there are opportunities 

-

-
gumes contribute more to nitrogen budgets, and 

-
ley et al. 2010; Huggins 2010).

Methane, released from animal manure, is a 
powerful greenhouse gas (IPCC 2007). Anaero-
bic digestion technology is available and is be-
ing adopted on CAF operations in the Northwest 
where research at Washington State University 

et al. 2011). The extent of these industries and the 
cultivated land provide opportunities for GHG 
mitigation through improved dairy manure and 
food processing waste management, improved 

soil carbon sequestration (Kruger et al. 2010).
It appears that many of the strategies that will 

help with mitigation of greenhouse gas emissions 
will also help with adaptation and overall sustain-

-
search is needed to determine best management 
practices in cereal production systems, animal 
systems, and others in the Northwest to minimize 
production of CO2, N2O, and methane.

Box 6.1
Mitigating Greenhouse Gas Emissions from Agricultural Systems 
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including water, fertilizer, machinery, processing infrastructure, capital, knowledge, 
and management expertise. 

to changing climates. 

• Transitioning to new varieties of perennial crops such as wine grapes and tree 
fruit, if indicated, is necessarily slow and expensive. And, as mentioned earlier, 

demands.
• Risk aversion and reliance on traditional practices among many farmers, 

although prudent under typical circumstances, could hamper responsiveness if 
climates change rapidly.

• Irrigation-dependent agricultural regions, notably central Washington, the 

rivers and reservoirs (see Chapter 3).
• Parts of the Northwest have marginally viable agriculture because of low rainfall 

should warmer and drier summers become the norm.
• In addition to the challenges it poses at the production level, climate change 

may have implications for the food processing and transportation infrastructure 
beyond the farm gate, including design and location of storage facilities, changes 
in geographic range and type of food pathogens, and impacts of mitigation 
and energy policies on the economics of our domestic food systems (Antle and 
Capalbo 2010). In the 20th century and early 21st century, public sector invest-
ment has played a substantial role in the success of US agriculture and seems 
likely to continue to do so as part of agriculture’s response to climate change. 

-
tation include:

• Agricultural subsidy programs for commodity crops (wheat, corn, rice) and trade poli-
cies. -
tended consequences for global markets. A common feature is that these policies 
encourage farmers to grow subsidized crops rather than adapting to changing 
conditions, including climate (Antle and Capalbo 2010).

• Disaster assistance and production and income insurance policies. While providing 
some protection against climate variability and extreme events, these policies 
may also reduce the incentive for farmers and ranchers to take adaptive actions.

• Soil, water, and ecosystem conservation policies. These policies protect water quality 
and enhance ecosystem services such as wildlife habitat. However, they may 
also limit a producer’s options when responding to climate change or extreme 
events by reducing the ability to adapt land use to changing conditions.
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•  Regulations for 
-

ties are an important example that has implications for adaptation. Changes 

operations in locations where waste ponds become vulnerable to extreme rain-

facilities (Nene et al. 2009).
• 

depreciable assets. Tax rules could be utilized to facilitate adaptation for example 
by accelerating depreciation of assets. However, using tax policies to target 

and economic change will also lead to capital obsolescence.
• Energy policies are likely to have many impacts on agricultural sectors as both 

consumers and producers of energy. The increased cost of fossil fuels associ-

however, they also provide an incentive for technology changes that are likely to 
improve adaptability of renewable and alternative energy systems.

• Direct public sector investment and policies that support continued investment in new 
technologies. Such policies have always played a key role in the success of US 

play an important role in encouraging adaptation under a changing climate.

Thus, despite agriculture’s generally high potential for adaptation to climate change, 
some regions and subsectors will be particularly challenged, and outcomes will depend 
upon not only production systems per se, but the economics, infrastructure, and policy 

and strong partnerships between the public sector (research institutions and govern-
ment agencies), private businesses, such as breeding companies, commodity organiza-
tions, and private producers. These powerful partnerships and investments have helped 
ensure agriculture remained strong in the preceding century and will be required in the 
future.

Finally, adaptation to changing climate must be sustainable in the long term. Mea-
sures taken to maintain farm incomes under climate change in the short term may ex- 
acerbate long-standing issues of sustainability in the region. Some NW agricultural  
sectors face threats to sustainability including uncertainties in water supplies for irri- 
gation (Washington State Department of Ecology 2011), and loss of productivity longer-
term due to soil erosion (Pruski and Nearing 2002; Mullan et al. 2012). Key to long-term 

production and investment decisions and the interactions among climate, energy, and 
other regulatory policies that impact adaptation rates and outcomes (Antle and Capalbo 
2010).

changes in technology, land use, and productivity, but community-level responses, 
such as public and private investment in adaptive infrastructure for transportation, 
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processing, and storage. Most rural communities in the region are not yet coming to 
grips with the complex decisions and new investments that may be required (Cone et 

-
sist communities and producers to assess available information and make value assess-
ments that are needed to determine the best responses to climate change.

6.6 Knowledge Gaps and Research Needs

-
fects of climate change on agriculture remain limited. Most studies have used a limited 

-
modities or geographic areas. They depend upon assumptions regarding availability of 
irrigation water, policy scenarios, and production practices. Most do not consider chang-

-

interannual variations in yield, which can be critical for agricultural viability.

Adaptation will depend on continued public and private investments in research to im-
prove crops, reduce uncertainty in management outcomes and costs, and address crop 
protection needs, but in recent decades support for this research has been diminishing 
(Kruger et al. 2011). Recently, the USDA, through its National Institute of Food and 
Agriculture (NIFA) and Agricultural Research Service (ARS), and the National Science 

-
ships among the NW land-grant universities and ARS, augmented by USDA competi-
tive funding, have helped ensure agriculture remained strong in the preceding century 
and will be required in the future.

-
-

-

-
-

ing of the challenges faced by agriculture and many are well connected to stakeholders, 

• Improved understanding of socioeconomic factors and policies that mediate adaptation 
and mitigation practices relevant to climate change across all agricultural subsectors. 

policies and successful communication with producers will depend upon a thor-

business decisions and farming practices. 
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•  Studies are 
limited or absent for many minor or specialty crops important for the region, 
including hops, sugarbeets, and small fruit. There also have been no studies that 

•  There is no research ex- 

commodities in the Northwest. These systems may be uniquely challenged,  
or their practices may have applicability for other sectors under changing 
climates.

• Responsive development of integrated weed, pest, and disease management (IWM, IPM, 
IDM). -
ness of biological control of weeds and insects, timing of insecticide or herbicide 
treatments, and the overall severity or complexity of managing of certain pests, 
weeds, and diseases may be altered as climates change.

• Rapid development and adoption of crop varieties adapted to changing climatic condi-
tions (e.g., heat, drought, pest resistance). 

Davis) is focused on accelerating development of drought and heat stress 

for other key commodities will be needed as part of adaptation to changing 
climates.

• Improved cropping system and hydrologic modeling approaches that incorporate climate 
change on a regionally and temporally distributed scale for multiple crops. Crop-
ping system responses to climatic factors are exceedingly complex and require 

addressing this gap, but models can be improved and expanded.
• Alternative cropping systems with resilience to projected climate changes. As climates 

change, opportunities may arise to diversify or otherwise modify cropping 

climates in the Northwest.
• Improved consideration of climatic and weather variability. Extreme events (e.g., 

agriculture.
• Improved understanding of the social and economic dimensions of local and regional  

decision making in rural communities in response to climate change. Although much 
of the response to climate change in NW agriculture involves decisions by indi-
vidual producers, communities may be involved in confronting climate change 
impacts.

• 
on NW agricultural production systems as a whole, rather than focusing on agro-
nomic, economic, or social factors in isolation. NW agriculture is a complex system 
involving interacting biological and human dimensions. Interdisciplinary 
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research considers the system wide complexities and emergent proper- 
 

assumptions. 
•  

to agricultural sustainability under drivers of change, including climate. Climate 
change will present ongoing challenges to the agricultural sector, which will 
need to be addressed by future scientists. 

• Fostering an enhanced collaborative environment among scientists throughout the 

region’s agriculture. Climate change and agriculture’s responses to climate  
change will take place across the entire NW region and require decades. Col- 
laborations among scientists, educators and institutions will be required to 
address these processes at an appropriate scale.

• Research that considers mitigation of greenhouse gas production in conjunction with 
adaptation to projected climates. This could include improved technology and 

practices for all crops.
• Research that considers the implications of climate change for landscapes that include 

agricultural systems. Agricultural systems rely upon ecosystem services including 
pollination, water, biological control, and regional resistance to invasive species. 
Similarly, agriculture can contribute to regional biodiversity conservation 
by providing habitats for native species. These landscape scale processes are 
potentially susceptible to a changing climate, but no studies are available to our 
knowledge that consider impacts at this scale in the Northwest.
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Chapter 7 

Human Health
Impacts and Adaptation

AUTHORS 
Jeffrey Bethel, Steven Ranzoni, Susan M. Capalbo

7.1 Introduction

Climate scientists strongly agree that climate is changing (Confalonieri et al. 2007). Key 
elements of projected future climate change in the Northwest include increasing year-

-

While some health outcomes associated with climate change are relatively direct  
-

-
 

-
-

other respiratory conditions among susceptible people. Climate change can also impact 
-

climate is broadly divided by the Cascade mountain range into east and west regions 
 

climate-related changes.

climate change on human health in the Northwest. While the chapter focuses on the 

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_ , © 2013 Oregon Climate Change Reasearch Institute 7
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-

-

human health will be minor and outweighed by the adverse health impacts (Epstein and 
-

er public health practitioners and researchers in the Northwest are addressing climate 

gaps and research needs.

7.2 Key Impacts of Climate Changes on Human Health

-

-

-
-

Changes in Intermediate Factors
Adverse Health Effects

Climate
Variability and 

Change

Regional and
Local Weather

Change
Extreme Weather

Temperature
Precipitation

Air Pollution Concentration
and Distribution

Pollen Production

Microbial Contamination and
Transmission

Crop Yield

Heat-Related Illnesses
and Deaths

Extreme Weather related
Health Effects

Air Pollution Related
Health Effects

Allergic Diseases

Infectious Diseases
Water and Food-Borne

Diseases
Vector and Rodent-Borne

Disease

Food Insecurity

Moderating Influences and
Adaptation Measures

Figure 7.1 Potential health effects of climate variability and change adapted from Haines and Patz 
(2004).
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summer temperature are projected to be greatest in southern and eastern Oregon (east 

-

-

-

-

-
-

convection
via blood circulation and evaporation

-

syncope is caused by disturbed blood distribution resulting in reduction of systolic 

are typically preceded by large consumption of water without replacement salts in hot 
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2004). 
-
-

-

-

-

-

more vulnerable to adverse heat-related health outcomes than the general population. 

were associated with heat events in all regions of the state.
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measured above the long-term adjusted baseline and was calculated using historical 
-

7.2.2.1 Storms and Flooding
-

-

-

 

-

-

-
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7.2.2.2 Drought
-
-

bined with temperature-driven loss of snow can lead to increased frequency of drought 

impacts of drought are covered elsewhere.

-

-

-

-

the Northwest. The main causes of mortality and morbidity associated with food and 
-

all its health consequences.
-
-

-
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-

7.2.2.3 Wildfires
-

-
tures is projected to be greatest. While the population density in the region is greatest 

drifting across the entire region.

th century and depend 

elemental carbon present in the air largely due to increases in annual area burned by 

) on cardiovas-

 

increase in area burned in the Northwest.

Climate change can have a direct negative impact on human health through respiratory 
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-

7.2.3.1 Aerobiological Allergens

2 -
-

present era CO2 2 concentra-

2 levels 
-

2

2

-

-

Temperature also determines the concentration of various elements of plant pollen.  

-
 Temperature can have widespread 

-

-

pollen seasons with pollen that contain higher concentrations of allergenic proteins in-

7.2.3.2 Air Pollution
-
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shown to increase during summertime months as a function of temperature and air 

-

-

 

-

Figure 7.2 Change in summer averaged daily maximum  
8-hr ozone mixing ratios (ppbv) between a future case  
(2045–2054) and base case (1990–1999) based on future 
climate from a model forced with the continued growth 
emissions scenario (SRES-A2). Changes in ground-level 
ozone are due to global and local emissions, changes in 
environmental conditions and urbanization, and increasing 
summer temperatures. Adapted from Chen et al. (2009). 
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by mid-century.

-

diseases.

7.2.4.1 Vector-Borne Diseases

as climate is an important factor in determining the geographic and temporal distribu-

-

-

-

been inconsistent. While results from studies showed that prior drought contributed to 
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-
only in 

7.2.4.2 Water-Borne Diseases

the number of Vibrio parahaemolyticus infections from eating raw oysters or other shell-
V. parahaemolyticus -

V. parahaemolyticus
and Canada and is present in higher concentrations during summer. Oysters harvested 

V. parahaemolyticus -

Table 7.1 Number of cases of select vector-borne diseases in the Northwest 
(2002–2010)

 2002 2003 2004 2005 2006 2007 2008 2009 2010

Hantavirus

Lyme Disease

West Nile Virus
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-

V. parahaemolyticus 

Vibrio 
infection will increase with warming waters in the Northwest.

-
Cryptosporidium

-

Cryptosporidium due to the abundance of recreational waters throughout the region.

7.2.4.3 Fungal Diseases

-

-

 is now found in mainland British Columbia as well as Washington and 
C. gat-

tii

-
 in a temperate climate suggests the fungus may 

have adapted to a new climate or climate change might have created an environment in 

Northwest and raises the possibility of additional emerging diseases in the future.

-

Alexandrium that 
that pro-
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-

-
-

longer lasting blooms of A. catenella 

-

-

-
-

8
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1

0

N
um

be
r

Idaho

Washington

Oregon

2004                  2005                   2006                  2007                   2008                  2009                   2010
                                                                                         Year

Figure 7.3 Cases of Cryptococcus gatti infection (n = 50) with known illness onset date, by quarter – 
Idaho, Washington, and Oregon, 2004–2010 (DeBess et al. 2010)
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-

-

-

-

-

scale. 
-
-
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-

few economic valuation studies of impacts on public health focus on valuing only the 

7.3 Northwest Adaptation Activities

in the Northwest to combat the potential impact of climate change on human health. 
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change. The overall goal of the project is to build local and state climate change capac-

the mitigation and adaptation strategies that can improve public health. The Climate 

is ending its second year of funding and has achieved numerous milestones (Oregon 

-

jurisdictions in communicating about climate and health.
-

-

-
 

 

The two groups published Public Health and Climate Change: A Guide for Increasing Ca- 
pacity of Local Public Health Departments -

and in their community.
-

-
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-

-

County have formed a climate change team that focuses on both mitigation and adap-

-

-

-

 
Pseudo-

Alexandrium sp.) poisoning.

7.4 Knowledge Gaps and Research Needs

-

Accurate surveil lance data on climate-sensitive health outcomes. 
surveillance for climate-sensitive health outcomes are needed to develop and evaluate 

-

-

-

-

increased temperatures.
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-

es between environmental indicators and public health surveillance activities are also 

the impacts of climate change on human health. Environmental indicators for climate 

-
-

Increased regional-level modeling. 
-
-

searchers to develop corresponding regional-level mortality and morbidity projections. 

-

at any level of government and wider adoption of these activities throughout the region 

-

epidemiology of VBZDs. -
dress this issue which can be applied to the Northwest. One important study is to estab-

vector-borne pathogens in the Northwest and their hosts and vectors. This would allow 

and the projected distribution and abundance of major hosts and vectors using labora-

underway was the establishment of a surveillance system for 

Acknowledgments
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Chapter 8 

Northwest Tribes
Cultural Impacts and Adaptation Responses

AUTHORS 
Kathy Lynn, Oliver Grah, Preston Hardison, Jennie Hoffman, Ed Knight,  
Amanda Rogerson, Patricia Tillmann, Carson Viles, Paul Williams

8.1 Introduction

-

-

-

-

 

M.M. Dalton et al. (eds.), Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities, 
NCA Regional Input Reports, DOI 10.5822/978-1-61091-512-0_ , © 2013 Oregon Climate Change Reasearch Institute 8
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-

8.2 Tribal Culture and Sovereignty

-

-

-
-

-

-

Figure 8.1 Federally recognized tribes in Washington, Oregon, and Idaho.
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-

-

federal trust responsibility
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US v. Winans 
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-

-
-

-

-

-
-
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-
-

-
United States v. Washington 

United States v. Washington ).

-

th Circuit Court 
Skokomish Indian Tribe v. United States  th

Figure 8.2 Treaty Ceded Lands. Washington State Historic Tribal Lands (Tribal Areas of Interest. Wash- 
ington Department of Ecology)
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-

-

 
-

8.3 Climatic Changes and Effects: Implications for Tribes  
in the Northwest

-

-
-

-
-
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-

-
-

-

-
-

-

Figure 8.3 Salmon on Sticks. Photo Credit: Jon Ivy, 
Coquille Indian Tribe
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-

-
-

-

-

-

-
-

 
 
 
 
 

-

 
 
 

 
 
 
 

-
 

-

-

-
-

-

-

-

BOX 8.1
Case Study: The Effect of Climate Change on Baseflow Support in the Nooksack 
River Basin and Implications on Pacific Salmon Species Protection and Recovery 
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-

-

-
-

-
-

-

-

-

 
 
 
 

 
 
 

-

-

-
-

 

-

-

-

-

-

-

-
-

Box 8.1 (Continued)
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-
-

-

-

-

-
-

-

-

-

-

-

-

-

-

-

-

Box 8.1 (Continued)
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Alexandrium catenalla -
Dinophysis

-

Mytilus californianus
Pisaster 

ochraceous -
-

-

-

-

-
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-

-

-

-

-
-

-

8.4 Tribal Initiatives in the Northwest
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-

-

-
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-
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-

-

-

-

-

-
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-

-

-

-

8.5 Tribal Research and Capacity Needs and Considerations  
for the Future 

-

-

-

-
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-

-
-

-

• -

-

• 

-
-

•  

-

•  

-
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• Protect tribal lands, trust resources, and tribal rights. -

• Research to assess and identify the most vulnerable cultural and natural resources. To 

-

• 
 

-

-

-

-

-

-

-
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