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Abstract
Peterson, David W.; Kerns, Becky K.; Dodson, Erich K. 2014. Climate change 

effects on vegetation in the Pacifi c Northwest: a review and synthesis of the 
scientifi c literature and simulation model projections. Gen. Tech. Rep. PNW-
GTR-900. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacifi c 
Northwest Research Station. 183 p.

The purpose of this study was to review scientifi c knowledge and model projec-
tions on vegetation vulnerability to climatic and other environmental changes in 
the Pacifi c Northwest, with emphasis on fi ve major biome types: subalpine forests 
and alpine meadows, maritime coniferous forests, dry coniferous forests, savan-
nas and woodlands (oak and juniper), and interior shrub-steppe. We started by 
reviewing and synthesizing the scientifi c literature on past and projected changes 
in atmospheric carbon dioxide concentrations and climate for the Pacifi c Northwest 
(and globally), and how these changes are likely to infl uence snowpack dynamics, 
soil water availability, and selected disturbance regimes. We also reviewed and 
synthesized the scientifi c literature on plant growth, reproduction, and mortality 
in response to changing climate and disturbance regimes, and on the ability of 
plants to adapt to these changes through phenotypic plasticity, local adaptation, 
and migration. We then reviewed the strengths and weaknesses of several types 
of simulation models commonly used to project vegetation responses to climate 
change and discussed recent model projections of vegetation responses to future 
climate change scenarios in the Pacifi c Northwest, as well as how these projections 
might best be used in developing management plans for forests and rangelands. 
We next reviewed the existing scientifi c literature on plant sensitivity and adapta-
tion to changing climate and disturbance regimes for fi ve major vegetation biomes 
in the Pacifi c Northwest. We concluded with a discussion of current approaches and 
resources for developing climate change adaptation strategies, including restoring 
historical vegetation structure and composition, promoting resistance to change, 
promoting resilience to change, and facilitating anticipated responses to change.

Keywords: Climate change, Pacifi c Northwest, forests, rangelands, vulner-
ability.
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Summary
Climate change is expected to profoundly alter vegetation structure and composi-
tion, terrestrial ecosystem processes, and the delivery of important ecosystem 
services over the next century. Since 1750, atmospheric carbon dioxide (CO2) 
concentrations have increased from 280 to over 390 parts per million (ppm) and are 
expected to continue rising, reaching 450 to 875 ppm by 2100. Global mean tem-
peratures have increased by about 0.74 °C over the past century and could increase 
by another 2 to 4 °C by 2100 as a result of increasing atmospheric concentrations of 
CO2 and other greenhouse gases. Globally, mean annual precipitation is expected 
to increase somewhat, but there is great uncertainty about precipitation changes for 
any particular region, including the Pacifi c Northwest. Temperature and precipita-
tion changes are expected to alter soil water availability by altering amounts and 
timing of precipitation, snowpack dynamics, and evapotranspiration rates.

Climatic variability and change can affect plant physiological processes, 
including altering growth and reproductive phenology, rates of photosynthesis and 
respiration, root and shoot growth, and seed production. Elevated CO2 can infl uence 
many of these same processes, either enhancing or offsetting climatic infl uences. 
Biotic interactions, population and community dynamics, and ecosystem processes 
can further modify vegetation responses to elevated CO2 and changing climate. 
Changing climate can also alter disturbance processes—including stress-related 
mortality, fi re, and insect outbreaks—and their impacts on vegetation.

Vegetation adapts to changing climate in various ways. Individual plants adjust 
to climatic changes through phenotypic plasticity via traits like growth phenology 
and biomass allocation. Populations adapt through natural selection of traits based 
on genetic variability within the population and through long-distance pollen or 
seed dispersal. Species also adapt to changing climate through migration, resulting 
in establishment of new populations in favorable habitats and the extirpation of 
populations from unfavorable habitats.

Computer simulation models offer a way to project vegetation responses to 
various scenarios of future atmospheric CO2 concentrations and climate based on 
current knowledge about species biogeography, physiological requirements, biotic 
interactions, and ecosystem processes. Unfortunately, we rarely know enough 
to fully inform model functions, and no single model can address all vegetation 
processes at all spatial scales, so judgment must be used in selecting models and 
interpreting their outputs.

The Pacifi c Northwest supports a diverse fl ora, ranging from grasslands to 
forests and from deserts to rain forests. Environmental controls differ consider-
ably among the major biomes but mostly involve winter temperatures, snowpack 
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duration, summer vapor pressure defi cits, and soil water defi cits. Climate can also 
infl uence vegetation structure and function indirectly through the effects of fi re 
and other climate-infl uenced disturbance agents. Climate change and elevated CO2 
can increase or reduce the importance of these environmental controls, alter dis-
turbance processes, and alter the importance of biotic interactions like facilitation 
and competition, with uncertain impacts on vegetation communities and ecosystem 
functioning. Experimental studies give insights into potential vegetation responses 
but cannot represent the range of complexity found in most ecosystems.

Modeling results suggest that subalpine forests may be the Pacifi c Northwest 
biome most vulnerable to climatic changes, but there are no projections for alpine 
meadows. Models suggest that maritime coniferous forests may be somewhat 
vulnerable to future climate change in the southern portion of the region. There 
is little model agreement about projected changes for dry coniferous forests, and 
only limited model output for the shrub-steppe biome. Models remain critical for 
alerting us to the potential magnitude of the effects of climate and, although they 
are imperfect, model projections complement projections made based on empiri-
cal studies and expert opinion. The role of models in this context is not to predict 
the future but rather to help (1) identify the more plausible future conditions, (2) 
highlight vulnerabilities with respect to specifi c resources and management objec-
tives, (3) provide insight into the range and variability of potential climate change 
effects, (4) examine general ecological principles rather than predict the behavior of 
a specifi c ecosystem, and (5) inform strategic decisionmaking processes and policy 
development. 

Although climate change clearly could have profound effects on global and 
regional vegetation, it is less clear what those effects will be and what activities 
land managers could or should undertake to preserve values at risk and continue to 
achieve a variety of management objectives. Previous publications have endorsed 
a “toolbox approach” to managing ecosystem responses to climate change that 
features three basic adaptive strategies: (1) promote resistance to change, (2) pro-
mote resilience to change, and (3) facilitate response to change. We note that the 
“historic range of variability” concept has a limited application and that future 
conditions will strongly differ from those of the past. Applying our knowledge and 
understanding of processes, interactions, and conditions to the current biophysical, 
social, and economic environment may be the best way to manage for uncertainty 
and change.
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Climate Change Effects on Vegetation in the Pacifi c Northwest: A Review and Synthesis of the Scientifi c Literature

Chapter 1: Introduction
Climate change is expected to profoundly alter vegetation structure and composi-
tion, terrestrial ecosystem processes, and the delivery of important ecosystem 
services over the next century. Climate infl uences the spatial distribution of major 
vegetation biomes, the abundance of species and communities within biomes, 
biotic interactions, and the geographic ranges of individual species. Climate infl u-
ences the rates at which terrestrial ecosystems process water, carbon, and nutrients 
and deliver ecosystem services like fresh water, food, and biomass. Climate also 
infl uences the disturbance processes that shape vegetation structure and composi-
tion and are often the catalysts for vegetation change. Climate-induced vegetation 
changes have important implications for wildlife habitat, biodiversity, hydrology, 
future disturbance regimes, ecosystem services, and the ability of ecosystems to 
absorb and sequester carbon from the atmosphere. 

Land managers are currently seeking scientifi c information about the potential 
effects of climate change on terrestrial vegetation and practical approaches to 
managing forests and rangelands to sustain key ecosystem functions, ecosystem 
services, and critical habitats, despite considerable uncertainty about the nature and 
magnitude of future climatic change. Scientists have learned much about histori-
cal rates and patterns of vegetation change during glacial and interglacial epochs; 
forest growth responses to past climatic variability; plant physiological responses to 
higher temperature and carbon dioxide levels; and how phenotypic plasticity, local 
adaptation, and migration can help individual plants, plant populations, and species 
adapt to changing environments. However, this information has not been adequately 
reviewed, synthesized, and compiled into a form that managers can use to establish 
short- and long-term management objectives and adopt appropriate management 
strategies. Research-management partnerships are needed to develop science-based 
management approaches, fi ll knowledge gaps in critical areas, and resolve apparent 
confl icts in the scientifi c record.

Federal land management agencies recognize the potential for climate change to 
disrupt terrestrial ecosystems and alter delivery of vital ecosystem services and are 
working to develop appropriate and effective approaches for facilitating ecosystem 
adaptations to climate change. For example, the 2010–2015 U.S. Department of 
Agriculture Strategic Plan established a strategic goal to “ensure our national 
forests and private working lands are conserved, restored, and made more resilient 
to climate change, while enhancing our water resources,” and set the “restoration of 
watershed and forest health as a core management objective of the National Forests 
and Grasslands” (USDA 2010). Building upon this and the Strategic Framework, 
the Forest Service then developed a National Roadmap for Responding to Climate 
Change (USDA FS 2010) that called for the Forest Service to respond to projected 

Climate-induced 
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from the atmosphere.
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climatic changes by (1) assessing risks and vulnerability for ecosystems, (2) iden-
tifying knowledge gaps and policy shortcomings that limit our ability to respond 
appropriately, (3) establishing and supporting monitoring programs to detect 
ecosystem responses to climate change and assess the effectiveness of management 
activities, (4) educating the public and federal land managers about climate change 
science and its implications for natural resources, and (5) encouraging the develop-
ment and use of research-management partnerships to address climate change 
issues. The U.S. Department of the Interior (USDI) developed a comparable climate-
change-response strategy in 2009 (USDI 2009) and has created two national 
networks to provide an integrated approach to climate change science and adapta-
tion. Eight regional USDI Climate Science Centers provide scientifi c information, 
tools, and techniques that land managers can apply to anticipate, monitor, and adapt 
to climatic changes at regional to local scales. The USDI Landscape Conservation 
Cooperatives represent a network of public-private partnerships that seek to address 
broad-scale conservation and adaptation issues (USDI 2009).

This study reviews scientifi c knowledge and model projections regarding 
vegetation vulnerability to climatic and other environmental changes in the Pacifi c 
Northwest, with emphasis on fi ve major biome types: subalpine forests and alpine 
meadows, maritime coniferous forests, dry coniferous forests, juniper savannas and 
woodlands, and interior shrub-steppe. We adopt the approach that vegetation vul-
nerability to environmental changes depends on three factors: exposure, sensitivity, 
and adaptability (Glick et al. 2011, IPCC 2007c). 

• Exposure depends on the type, magnitude, rate, and variability of observed 
 (or projected) changes in climate; climatic interactions with site factors like 
 topographic position and vegetation structure that alter plant biophysical 
 environments; and climate-induced changes in disturbance regimes. 

• Sensitivity refers to the degree to which the environmental changes alter 
 plant growth, reproduction, and mortality; plant population dynamics; biotic 
 interactions; plant community dynamics, and ecosystem functioning. 

• Species adaptability refers to physiological, evolutionary, and biogeo-
 graphical changes that can occur at the individual, population, and species 
 levels to mitigate negative impacts of environmental changes or allow a 
 species to better take advantage of environmental changes.

This report reviews knowledge about observed and projected environmental 
changes and how vegetation might respond, providing a foundation for the develop-
ment of vulnerability assessments related to vegetation. We draw on experimental, 
observational, and modeling studies to summarize current scientifi c knowledge 

Vegetation vulnerability 
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3

Climate Change Effects on Vegetation in the Pacifi c Northwest: A Review and Synthesis of the Scientifi c Literature

about vegetation responses to climate change in a broad sense, and specifi cally in 
the context of major vegetation types in the Pacifi c Northwest. Material in this 
document overlaps somewhat with other recent reviews of potential vegetation 
responses to climate change in the Pacifi c Northwest (Aubry et al. 2011, Bachelet 
et al. 2011, Chmura et al. 2011, Halofsky et al. 2011, Littell et al. 2010) but is 
intended to be more general and cover a wider range of vegetation types. We 
provide minimal guidance on developing adaptation plans or other management 
strategies related to climate change, as these topics are well covered in other recent 
publications (e.g., Glick et al. 2011, Halofsky et al. 2011, Littell et al. 2012, Peterson 
et al. 2011, Stephens et al. 2010, Swanston and Janowiak 2012).
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Chapter 2: Observed and Projected 
Environmental Changes

Earth’s atmosphere and climate system are changing. Long-term climate records 
show that global mean temperatures have increased over the past century, and sci-
entists are now convinced that this warming is partly due to human activities (IPCC 
2007a). Atmospheric concentrations of greenhouse gases have risen signifi cantly 
over the past century or more and will continue to rise over the next century, likely 
causing further increases in mean global temperatures (IPCC 2007a). Climatic 
changes have, in turn, altered the seasonal timing and magnitude of snowpack 
accumulation and melt, stream peak and base fl ows, soil water recharge, evapo-
transpiration, and soil water defi cits (IPCC 2007b). Changing climatic conditions 
may also be driving changes in disturbance processes such as wildfi res and insect 
outbreaks. All of these environmental changes have the potential to affect Pacifi c 
Northwest vegetation, although the relative exposure of vegetation to these different 
environmental changes may vary through time and among biomes.

In this chapter, we describe historical observations and model projections 
of environmental changes at the global and regional (Pacifi c Northwest) scales. 
Environmental changes of interest include atmospheric carbon dioxide (CO2) 
concentrations, mean temperature and precipitation, snowpack hydrology, and soil 
water dynamics. Some observations of environmental changes are limited to the 
past century or so (the period of instrumental records), while others extend back in 
time for millennia or longer (e.g., CO2 concentrations in air bubbles from ice cores). 

Mechanisms for Changes in Temperature 
and Precipitation
Historically, climatic changes have been driven primarily by changes in the Earth’s 
radiation balance. This radiation balance is a function of the amount of incoming 
solar radiation (insolation), the fraction of incoming solar radiation that is refl ected, 
and the amount of longwave radiation (heat) that is radiated back to space (fi g. 2.1). 
Each of these elements has changed over time, either directly as a result of physical 
processes (e.g., variations in the Earth’s orbit) or indirectly through feedbacks in the 
system (e.g., refl ectance of incoming solar radiation by surface snow and ice). 

Evidence strongly suggests that Ice Age cycles are driven, in large part, by 
variations in Earth’s orbital characteristics (often called Milankovich cycles) that 
alter the tilt of the Earth on its rotational axis and the eccentricity of the Earth’s 
orbit (fi g. 2.2). The tilt angle infl uences the seasonality of incoming solar radiation 
and the amount of summer solar radiation reaching the higher latitudes. Eccen-
tricity in the Earth’s orbit controls variation in the distance of the Earth from the 
sun throughout the year, and the season in which the Earth is closest to the sun. 

Historically, climatic 
changes have been 
driven primarily by 
changes in the Earth’s 
radiation balance.
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Figure 2.2—Schematic of the Earth’s orbital changes (Milankovitch cycles) that drive ice age 
cycles. “T” denotes change in the tilt (or obliquity) of the Earth’s axis, “E” denotes changes in 
the eccentricity of the orbit (owing to variations in the minor axis of the ellipse), and “P” denotes 
precession, that is, changes in the direction of the axis tilt at a given point in the orbit. (Source: 
Rahmstorf and Schellnhuber 2006. From Jansen et al. 2007, FAQ 6.1, fi g. 1.)

Figure 2.1—Estimate of the Earth’s annual and global mean energy balance. Over the long term, 
the amount of incoming solar radiation absorbed by the Earth and its atmosphere is balanced by 
the Earth and atmosphere releasing the same amount of outgoing longwave radiation. About half 
of the incoming solar radiation is absorbed by the Earth’s surface. This energy is transferred to the 
atmosphere by warming the air in contact with the surface (thermals), by evapotranspiration, and by 
longwave radiation that is absorbed by clouds and greenhouse gases. The atmosphere in turn radiates 
longwave energy back to Earth as well as out to space. (Source: Kiehl and Trenberth 1997. From 
LeTreut et al. 2007, FAQ 1.1, fi g. 1.)
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Although these variations in the Earth’s orbit have little effect on total incoming 
solar radiation, they do infl uence the amount of solar radiation reaching different 
latitudes in different seasons. These seasonal variations in incoming solar radiation 
help drive glacial and interglacial cycles by interacting with seasonal variations in 
the amount of incoming radiation that is refl ected by the atmosphere (e.g., cloud 
cover) and land surface (e.g., snow cover), and by strengthening or weakening 
feedback between climate and the radiative properties of the Earth. Milankovitch 
cycles function over time periods of 23,000 to 100,000 years (Hays et al. 1976) but 
are not expected to trigger global cooling and another Ice Age for about 30,000 
years (Jansen et al. 2007).

There are additional factors that infl uence incoming solar radiation and operate 
on much shorter time scales. The best known is the 11-year solar cycle associated 
with sunspot activity, which creates small, systematic variations in incoming solar 
radiation (Gray et al. 2010). None of these factors produce large effects (the solar 
cycle produces changes of 0.1 percent), but they may still infl uence the climate 
system. 

Incoming solar radiation is reduced by the amount of radiation that is refl ected 
back into space, either by the Earth’s atmosphere or the land surface (fi g. 2.1). Cloud 
cover reduces net incoming radiation as water droplets refl ect incoming radiation. 
Because cloud cover frequency and extent varies seasonally and between oceans 
and land masses, variability in incoming solar radiation is believed to be most 
important for summer months in the Northern Hemisphere, when cloud cover is 
relatively low and where large land masses can absorb the incoming radiation. 
Volcanic activity is another major source of aerosols (small suspended particles 
in the atmosphere) that can refl ect incoming radiation and reduce net absorbed 
radiation at the Earth’s surface. A single volcanic eruption can alter global climate, 
but only for a short time as the residence time of ash particles in the atmosphere 
is limited to one to several years. However, periods of elevated volcanic activity 
(multiple events) can reduce global mean temperatures signifi cantly, as appears to 
have happened in the middle of the 19th century.

Surface albedo infl uences the fraction of net incoming solar radiation that is 
absorbed at the Earth’s surface (fi g. 2.1). Ice, snow, and concrete refl ect large frac-
tions of incoming solar radiation, while green vegetation, wet soil, and water bodies 
absorb most of incoming solar radiation. Therefore, incoming solar radiation during 
summer in the Northern Hemisphere is most likely to contribute to global warming 
(or cooling) because the large land masses with large areas of green vegetation and 
little snow or ice tend to absorb a large fraction of incoming solar radiation.
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Land surface albedo changes seasonally with vegetation and snow cover and 
can change over time owing to human land use changes and natural disturbances. 
Climate can also produce long-term changes in surface albedo via feedback mecha-
nisms. A cooling climate allows snow cover to persist longer and allows glaciers to 
expand, thereby increasing refl ectance and reducing absorption of incoming solar 
radiation, which can lead to further cooling of the climate. Similarly, a warming 
climate can reduce the duration of snow cover and shrink glaciers while potentially 
increasing plant cover, thereby increasing absorption of solar radiation and pro-
moting further warming. 

Transmission of longwave (heat) radiation from the Earth back into space is 
the third major factor infl uencing the Earth’s radiation balance and global mean 
temperatures (fi g. 2.1). Incoming solar radiation that is absorbed at the Earth’s 
surface heats the Earth’s surface and that heat is radiated back to the atmosphere. 
Some longwave radiation is refl ected back toward the Earth’s surface by atmos-
pheric “greenhouse” gases, which act as a blanket of sorts, warming the lower 
atmosphere and allowing it to support a wide variety of biological organisms. This 
process forms the basis of the “greenhouse effect” and the atmospheric gases that 
contribute most to retention of long-wave radiation are called “greenhouse gases” 
(fi g. 2.3). Water vapor is by far the most common greenhouse gas (about 80 percent 

Figure 2.3—An idealized model of the natural greenhouse effect. (From Le Treut et al. 2007, 
FAQ 1.3, fi g. 1.)

Some longwave 
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a wide variety of 
biological organisms. 
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of greenhouse gases by mass, 90 percent by volume) and produces 66 to 85 percent 
of greenhouse warming. Effects of water vapor on air temperatures become clear 
if one compares summer day-night temperature differences in humid versus non-
humid climates. High humidity traps heat, reducing night-time cooling (e.g., a hot, 
muggy night).

In addition to water vapor, major natural greenhouse gases include CO2, nitrous 
oxide (N2O), and methane (CH4). These gases also produce a warming of the lower 
atmosphere but differ from water vapor in two important ways. First, they persist in 
the atmosphere much longer, on average, than water vapor. The mean atmospheric 
residence time for a molecule of water is estimated at about 10 days, while mean 
residence times are estimated at 12 years for CH4, 100 years for CO2, and over 
100 years for N2O. Second, humans have directly and indirectly contributed to 
increased atmospheric concentrations of CO2, N2O, and CH4 (fi g. 2.4).

Models strongly suggest that increasing concentrations of greenhouse gases 
in the atmosphere are producing (“forcing”) much of the warming that has been 
observed in the past century (IPCC 2007b). Increasing concentrations of these 
greenhouse gases may produce additional warming by increasing evaporation 

Figure 2.4—Atmospheric concentrations of important long-lived greenhouse gases over the past 
2,000 years. Increases since about 1750 are attributed to human activities in the industrial era. 
Concentration units are parts per million (ppm) or parts per billion (ppb), indicating the number 
of molecules of the greenhouse gas per million or billion air molecules, respectively, in an atmos-
pheric sample. (From Forster et al. 2007, FAQ 2.1, fi g. 1.)
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of water and atmospheric water vapor concentrations. In addition, atmospheric 
warming forced by increasing concentrations of greenhouse gases may lead to 
further increases in greenhouse gases owing to release of CO2 from warming 
oceans and release of CO2 and CH4 from boreal soils following the melting of 
permafrost layers.

Atmospheric CO2 Concentrations
Observed Changes in Atmospheric CO2 Concentrations
Atmospheric CO2 concentrations have been steadily increasing since the start of 
modern industrialization, from about 280 parts per million (ppm) in 1750 (as mea-
sured from air bubbles in dated ice cores) to about 394 ppm in 2012 (Hofmann et al. 
2009, Keeling et al. 1976, Tans and Keeling 2013) (fi g. 2.4). Much of this increase 
(about 68 percent) has occurred in the last 50 years, with atmospheric CO2 concen-
trations rising by about 79 ppm (315 to 394 ppm) since 1960 (fi g. 2.5). Hofmann et 
al. (2009) analyzed atmospheric CO2 data from Mauna Loa in Hawaii and noted 
that (1) CO2 concentrations have been increasing exponentially since measurements 
began in 1958, (2) the doubling period for both anthropogenic CO2 concentrations 
and the rate of change in CO2 concentrations is about 31 years, and (3) changes in 
atmospheric CO2 concentrations have closely tracked human population growth 
over the past 50 years. 

Figure 2.5—Observed changes in atmospheric carbon dioxide (CO2) concentration 
(ppm [parts per million]), 1958–2012, at Mauna Loa Observatory in Hawaii. (Data from 
Tans and Keeling 2013).
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Over geological time scales, atmospheric CO2 concentrations have fl uctuated 
considerably between glacial and interglacial periods. Atmospheric CO2 concentra-
tions have generally been low during cold glacial periods (Ice Ages), with values 
as low as 180 ppm being observed in ice core records from the past 650,000 years 
(Jansen et al. 2007). Atmospheric CO2 concentrations were higher during warm, 
interglacial periods. Although CO2 concentrations in the ice core records were lim-
ited to 300 ppm prior to the increases of the past century, proxy evidence suggests 
that CO2 concentrations exceeded current levels for extended periods over the past 
400 million years, particularly during warm periods of the Pliocene (3 to 5 million 
years ago) and the Paleocene-Eocene Thermal Maximum (about 55 million years 
ago) (Jansen et al. 2007). Historical records also indicate that, in the past, changes 
in global mean temperatures have preceded changes in atmospheric CO2 concentra-
tions, suggesting that high CO2 concentrations were the result of, rather than the 
cause of, warming temperatures in the past (Jansen et al. 2007).

Projected Changes in Atmospheric CO2 Concentrations
Projecting future anthropogenic climatic changes fi rst requires projections or 
scenarios about future emissions and atmospheric concentrations of greenhouse 
gases. Projections of future greenhouse gas emissions require many assumptions 
about the future course of human events—including human population growth, 
economic development, technological innovation, energy systems, and political 
cooperation—that are often packaged as scenarios or “stories” (Nakićenović 2000). 
These scenarios not only consider conditions at some point in the distant future, but 
also intermediate (transient) conditions. Many scenarios have been developed by 
a variety of research groups, but the Intergovernmental Panel on Climate Change 
(IPCC) has organized the scenarios into four groups, in which scenarios share a 
common storyline (Nakićenović 2000).

The IPCC generated four storylines of the future, which included potential 
future variability in major socioeconomic factors that would infl uence greenhouse 
gas emissions (Nakićenović 2000, Nakićenović et al. 2000). The A1 storyline 
describes a future world with very rapid economic growth, low population growth, 
and rapid technological advancement, with convergence among regions, increased 
cultural and social interactions, and a substantial reduction in regional differences 
in per capita income. The A1 scenario family subdivides into four scenario groups 
that describe alternative directions of technological change in the energy system. 

The A2 storyline describes a very heterogeneous world in which self-reliance 
and preservation of local identities is a key theme, population growth is high, 
economic development is regionally oriented, and per capita economic growth and 
technological change are more fragmented and slower than in other storylines. 

In the past, changes 
in global mean 
temperatures have 
preceded changes 
in atmospheric CO2 
concentrations.

High CO2 
concentrations were 
the result of, rather 
than the cause of, 
warming temperatures.



12

GENERAL TECHNICAL REPORT PNW-GTR-900

The B1 storyline describes a convergent world with the same low population 
growth as in the A1 storyline, but with rapid economic changes toward a service 
and information economy, with reductions in material intensity, and the introduction 
of clean and resource-effi cient technologies. The emphasis is on global solutions 
to economic, social, and environmental sustainability, including improved equity. 

The B2 storyline describes a world of moderate population growth, intermedi-
ate economic development, and slower technological change (relative to A1 and B1), 
in which the emphasis is on local solutions to economic, social, and environmental 
sustainability. 

For each storyline of the future, research groups developed (modeled) specifi c 
future emissions scenarios, which include a quantitative interpretation of the future 
storyline and the resulting greenhouse gas emissions. A set of 40 future emissions 
scenarios were developed for the IPCC fourth assessment, and more have been 
developed in recent years. Taken as a group, these scenarios encompass a wide 
range of possible futures, each one representing a pertinent, plausible, alternative 
future. Unfortunately, there is no way to know which one will be the most accurate, 
and even assigning probabilities to scenarios would be a highly subjective process. 
Thus, in evaluating future risks and developing adaptation strategies, it is important 
to consider the whole range of possible emissions outcomes and the associated 
ranges of climatic changes and ecosystem impacts (Beaumont et al. 2008).

Biogeochemical models are used to convert projected emissions from the 
scenarios described above into the atmospheric greenhouse gas concentration used 
in climate models. Biogeochemical models simulate the uptake and release of CO2 
through photosynthesis and respiration, and the storage of carbon in plant biomass, 
soils, and ocean sediments. As with any model, biogeochemical models generate 
additional sources of potential error and uncertainty owing to errors or biases in 
input datasets, imperfect understanding of biogeochemical processes, and potential 
errors in model representation of those processes (Beaumont et al. 2008). 

Scenarios developed for the IPCC Special Report on Emission Scenarios 
(SRES) (Nakićenović et al. 2000) all project increasing greenhouse gas emissions 
between 2000 and 2030, with individual scenarios projecting increases of 25 to 90 
percent over baseline (IPCC 2007a). Carbon dioxide emissions from energy use 
(mostly fossil fuels) are expected to increase by 40 to 110 percent over that period. 
Extending scenario projections to 2100 produces a wide range of possible changes 
in greenhouse gas emissions, from slight reductions to tenfold increases, relative to 
1990 baseline emissions, with corresponding variability in resulting atmospheric 
greenhouse gas concentrations and radiative forcing (fi g. 2.6). The lowest emission 
SRES scenario produces global mean CO2 concentrations of 450 ppm by 2100, 
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while scenarios with higher emissions produce mean CO2 concentrations of 875 
ppm (or more) by 2100 (Clarke et al. 2007). 

Although the SRES (Nakićenović et al. 2000) states that the emission scenarios 
are pertinent, plausible, alternative futures that are equally possible, this claim has 
been disputed. Moreover, rates of increase in CO2 emissions have recently exceeded 
those in the highest of the SRES scenarios (Raupach et al. 2007). Because of 
this, Beaumont et al. (2008) suggested that the use of more conservative emission 
scenarios (B1 and B2) be replaced by the more extreme A1 and A2 scenarios. The 
A1FI scenario is even more extreme in terms of emissions but has not been widely 
used for making future climate projections. Scenarios developed since the SRES 
have projected an even wider range (higher and lower) of estimates of future emis-
sions and atmospheric CO2 concentrations (IPCC 2007b) (fi g. 2.7).

The SRES scenarios are limited in some ways, which has led to further sce-
nario development and in changes to the scenario development process. The SRES 
scenarios assume no effective mitigation policies for greenhouse gas emissions over 
the next century, so they may be biased toward higher emissions. Several new 
“intervention” scenarios have now been developed that include future mitigation 
efforts and generally produce lower future greenhouse gas concentrations and 
associated climatic effects. More recently, the IPCC developed a new parallel 

Figure 2.6—Comparison of the Special Report on Emission Scenarios (SRES) and 
pre-SRES energy-related and industrial carbon dioxide (CO2) emissions scenarios in 
the literature with the post-SRES scenarios. (Source: After Nakićenović et al. 2006. 
From Fisher et al. 2007, fi g. 3.8.)
Note: The two vertical bars on the right extend from the minimum to maximum of the 
distribution of scenarios and indicate the 5th, 25th, 50th, 75th, and the 95th percentiles 
of the distributions by 2100. 
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process for scenario development that starts with four scenarios of future changes 
in atmospheric forcing levels. The process allows climate modelers to assess a range 
of potential future climate scenarios for each forcing scenario at the same time as 
researchers explore suites of future social, economic, and policy scenarios under 
which each of the forcing scenarios could occur (Moss et al. 2010).

Temperature and Precipitation
Observed Changes in Temperature and Precipitation
Global mean temperatures have been gradually increasing over the past 150 years, 
the period for which we have fairly reliable measurements with global coverage (fi g. 
2.8). Global mean temperatures have increased by about 0.65 °C (± 0.2 °C) over 
the past century (1900 to 2005), with much of the warming occurring in the last 50 
years (Trenberth et al. 2007) (fi gs. 2.8 and 2.9). Warming has been greater in the 
Northern than in the Southern Hemisphere, greater at high latitudes than near the 
equator, and greater over large land masses than over the oceans (Trenberth et al. 

Figure 2.7—Global greenhouse gas (GHG) emissions (in gigatons of carbon dioxide 
(GtCO2)-eq per year) in the absence of additional climate policies: six illustrative 
SRES marker scenarios (coloured lines) and 80th percentile range of recent scenarios 
published since SRES (post-SRES) (gray shaded area). Dashed lines show the full 
range of post-SRES scenarios. The emissions include carbon dioxide, methane, 
nitrous oxide and fl uorinated or F-gases. (From IPCC 2007a, fi g. 3.1.)
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2007) (fi g. 2.8). Nighttime low temperatures have increased more than daytime high 
temperatures, thereby reducing diurnal temperature fl uctuations somewhat 
(Trenberth et al. 2007).

Comparing current global mean temperatures and trends with historical 
climates prior to 150 years ago is diffi cult owing to a lack of global coverage by 
instrumental records and uncertainty in reconstructions from proxy data, such as 
tree rings. However, current global temperatures are probably warmer than any 
previous period in the last 2,000 years, being slightly warmer than the so-called 

Figure 2.8—Global and hemispheric annual combined land-surface air temperature and 
sea surface temperature (SST) anomalies (°C) (red) for 1850 to 2006 relative to the 1961 to 
1990 mean, along with 5 to 95 percent error bar ranges, from HadCRUT3 (adapted from 
Brohan et al. [2006]). The smooth blue curves show decadal variations (see app. 3.A). 
From Trenberth et al. 2007, fi g. 3.6.)
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Figure 2.9—(Top) Annual global mean observed temperatures (black dots) along with simple fi ts to 
the data. The left hand axis shows anomalies relative to the 1961 to 1990 average, and the right hand 
axis shows the estimated actual temperature (°C). Linear trend fi ts to the last 25 (yellow), 50 (orange), 
100 (purple), and 150 (red) years are shown, and correspond to 1981 to 2005, 1956 to 2005, 1906 to 
2005, and 1856 to 2005, respectively. Note that for shorter recent periods, the slope is greater, indicat-
ing accelerated warming. The blue curve is a smoothed depiction to capture the decadal variations. To 
give an idea of whether the fl uctuations are meaningful, decadal 5 percent to 95 percent (light grey) 
error ranges about that line are given (accordingly, annual values do exceed those limits). Results 
from climate models driven by estimated radiative forcings for the 20th century suggest that there was 
little change prior to about 1915, and that a substantial fraction of the early 20th-century change was 
contributed by naturally occurring infl uences including solar radiation changes, volcanism, and natural 
variability. From about 1940 to 1970, the increasing industrialization following World War II increased 
pollution in the Northern Hemisphere, contributing to cooling, and increases in carbon dioxide (CO2) 
and other greenhouse gases dominate the observed warming after the mid-1970s. (Bottom) Patterns 
of linear global temperature trends from 1979 to 2005 estimated at the surface (left), and for the 
troposphere (right) from the surface to about 10 km altitude, from satellite records. Grey areas indicate 
incomplete data. Note the more spatially uniform warming in the satellite tropospheric record, whereas 
the surface temperature changes more clearly relate to land and ocean. (From Trenberth et al. 2007, 
FAQ 3.1, fi g. 1.)
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“Medieval Warm Period” (950–1200 CE) (Jansen et al. 2007). Global temperatures 
have probably been higher than today in the distant past, however, most recently in 
the last interglacial period, roughly 116,000 to 130,000 years ago. 

Climate change is not always a global phenomenon, however, and there are 
several examples of persistent temperature changes at regional to continental scales 
that have persisted long enough to produce vegetation responses. Analysis of pollen 
records suggests that temperatures in northern Europe and parts of North America 
were warmer than today between 5,000 and 7,000 years ago. Parts of Europe may 
have also been warmer than today during the Medieval Warm Period, based on 
reconstructions from tree rings and other climate proxies (Jansen et al. 2007). 

Climate reconstructions for the Pacifi c Northwest indicate that climate has 
varied considerably over the past 20,000 years, altering both the mean and seasonal 
variability in temperature and precipitation. Whitlock (1992) reviewed the vegeta-
tion and climatic history of the Pacifi c Northwest based on studies of fossil pollen 
and charcoal from different regions and climatic zones. She found evidence for both 
warmer and cooler temperatures and higher and lower levels of summer seasonal 
water defi cits, compared to modern climate. Summers appear to have been warmer 
and drier for extended periods between 5,000 and 10,000 years ago, although winter 
temperatures may have been colder than at present. Likewise, Pacifi c Northwest 
climate appears to have been cooler and wetter than at present during a period 
roughly 2,500 to 3,500 years ago. The modern regional climate (and associated 
vegetation) developed only recently, within the past 2,500 years (Whitlock 1992). 

During the 20th century, temperatures in the Pacifi c Northwest have risen by 
an average of 0.7 to 0.9 °C, but rates of warming have varied spatially and among 
seasons (Mote 2003). Warming rates have been highest in winter, at low elevations, 
and in the maritime climate zones, and lowest in autumn, at high elevations, and 
in the interior climate zones (Mote 2003). Similarly, signifi cant warming of winter 
temperatures was observed throughout the mountainous regions of the Western 
United States during the period 1950–1999 in excess of that which could be caused 
by cyclical variations in climate associated with the El Niño-Southern Oscillation 
and Pacifi c Decadal Oscillation (Bonfi ls et al. 2008).

Global annual precipitation over land has varied over the past century, but that 
variability displays no signifi cant long-term linear trends. Rather, global annual 
precipitation over land has been cyclical with precipitation increasing and decreas-
ing at decadal time scales. For example, precipitation was above average during 
much of the period 1950–1979 and below average for much of the period 1980–1995 
(Trenberth et al. 2007). Although there is no signifi cant linear trend in annual 
precipitation at the global scale, many regions experienced signifi cant increases 
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and decreases in annual precipitation over the period 1900–2005 (Trenberth et al. 
2007). There is a positive trend in precipitation for much of North America during 
this period, including the Pacifi c Northwest, but excluding the desert southwest 
(Trenberth et al. 2007).

In the Pacifi c Northwest, precipitation increases during the 20th century have 
averaged 13 to 38 percent, exceeding the global averages (Mote 2003). As with 
temperature, however, observed increases in precipitation have been spatially and 
seasonally variable. Proportional increases in precipitation were highest for spring 
and early summer and for dry areas of eastern Washington and northeastern Oregon 
(Mote 2003). Proportional increases in precipitation were smaller, though absolute 
increases in precipitation were generally highest, in the maritime region with the 
highest mean annual precipitation (Mote 2003).

Projections of Future Temperature and Precipitation
Climate models—
Climate models are the primary tools available for projecting future climatic 
changes in response to varying emissions scenarios. Climate models are mathemati-
cal representations of the Earth’s climate system that are based on equations of 
physical laws describing the Earth’s radiation budget and ocean and atmospheric 
dynamics (Beaumont et al. 2008, Randall et al. 2007). Climate is infl uenced by a 

Figure 2.10—Schematic view of the components of the climate system, their processes and interac-
tions. (From Le Treut et al. 2007, FAQ 1.2, fi g. 1.) N2 = nitrogen gas, O2 = oxygen, Ar = argon, H2O = 
water, CO2 = carbon dioxide, CH4 = methane, N2O = nitrous oxide, O3 = ozone.
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wide range of factors (fi g. 2.10); consequently, climate models vary in complexity 
as model developers incorporate different numbers and types of processes into 
the models, depending on data availability, available computing power, and model 
application objectives. Climate models used for climate change projections range 
from complex atmosphere-ocean general circulation models—which explicitly rep-
resent a wide range of interacting entities and processes that infl uence climate (e.g., 
atmosphere, oceans, land surfaces, sea ice, and seasonal snow cover)—to simple 
climate models that are more typically used in weather forecasting (Meehl 
et al. 2007). 

Individual projections of future climate can be highly variable owing to differ-
ences in future emission scenarios, climate model structure and parameterization 
(Lynn et al. 2009), and data used. Currently, climate projections can be derived 
from over 20 available global climate models (GCMs). Global climate models 
differ in the physical processes represented, interactions among physical processes, 
initialization procedures, and assumptions about climate system sensitivity to 
changes in CO2 concentration. They can therefore produce different climate pro-
jections when given the same emission scenario and initial conditions. Similarly, 
climate projections produced by a single GCM can differ in response to varying 
emission scenarios and initial conditions. This combined variability owing to model 
selection, emissions scenarios, and initial conditions provides a measure of the 
uncertainty in climate projections. Beaumont et al. (2008) asserted that end users 
of climate model projections (and associated impact model projections) should be 
aware of how well the climate models simulate components of the climate that are 
applicable to the questions being asked at the scale of interest. 

When communicating future climate projections, the IPCC and others often 
present mean projected changes for each of a small group of emission scenarios. 
Emission scenarios are typically chosen to represent a wide range of future emis-
sions, often using high, low, and intermediate CO2 conditions (fi g. 2.7). Each of 
these representative CO2 scenarios is given as input to a suite of climate models, 
and the resulting climate projections are averaged together to produce a mean 
projected response for the scenario. This multimodel ensemble approach has been 
useful in that it produces a small number of future climate scenarios that represent 
much of the range of possible future conditions. These scenarios are easily com-
municated to the public and can be used to develop ensembles of potential climate 
and ecosystem responses. Unfortunately, the multimodel ensemble approach also 
obscures much of the model-based variability and uncertainty in future climate 
projections and focuses attention on mean projected conditions rather than the 
extremes. Some have also begun to question the current convention of giving equal 
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weight to each model (“one model, one vote”) in developing multimodel ensembles. 
Such a convention ignores potential differences in model skill; gives extra weight 
to projections from sibling models (whose projections may be similar because they 
share common assumptions and subroutines); and may obscure important spatial or 
temporal variability in model projections, including extreme behavior (Knutti 2010, 
Knutti et al. 2010).

Often the spatial scale of climate and other projections desired for manage-
ment purposes is much fi ner than the scale at which most projections are available. 
Climate models produce projections at a spatial resolution (grain size) of 100 to 
300 km, while regional studies require a resolution of 10 to 50 km or fi ner (Salathé 
et al. 2007). Spatial downscaling methods are used to translate the climate projec-
tions from the coarse spatial resolution produced by GCMs to the fi ner resolutions 
deemed more useful for assessing impacts. Two methods are commonly used—
statistical downscaling and regional climate models—each of which has its 
strengths and weaknesses (Salathé et al. 2007). 

Climate model projections are currently being downscaled to relatively fi ne 
spatial scales (e.g., 800-m2 grain size) (Rogers 2011), but the accuracy and benefi ts 
of such downscaling are not entirely clear. The creation of fi ne-scaled projections 
does not necessarily mean that the projections are more accurate or better represent 
underlying mechanisms (Littell et al. 2011, Maslin and Austin 2012). Weather 
station data are sparse throughout much of the world, limiting the degree to which 
spatial interpolation methods can capture climate anomalies at fi ner spatial scales. 
Indeed, downscaling can overresolve the information in both the observational 
record and global models and create a false sense of confi dence. There can also be 
signifi cant topographic infl uences on local climate that may require analysis at an 
even fi ner spatial scale (e.g., 100 to 200 m2 grain size) to describe adequately (Daly 
et al. 2010). Similarly, GCMs typically produce climate projections at a monthly 
temporal resolution, while ecosystem process models typically require weather 
inputs at a daily (or even hourly) time step, thereby requiring temporal downscaling 
(disaggregation) using estimates of monthly variability drawn from historical data-
sets (Salathé et al. 2007). Spatial and temporal downscaling are therefore important 
for local projections of climate change impacts, but add potential sources of error 
and uncertainty.

Projected temperature changes—
All climate models used in the 2007 IPPC fourth assessment project future increases 
in global mean surface air temperatures over the next century, driven in large part 
by increased radiative forcing owing to anthropogenic CO2 emissions and result-
ing higher atmospheric CO2 concentrations (Meehl et al. 2007). The amount of 
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warming projected differs considerably, however, depending on the climate model 
and CO2 emission scenario used to make the projection and the time horizon being 
used (fi g. 2.11). During the fi rst part of the 21st century (2011–2030), models project 
a model-averaged increase in mean surface air temperature of 0.64 to 0.68 °C 
regardless of the emission scenario used, and much of this increase is considered a 
lagged response to past greenhouse gas emissions. By the middle of the 21st century 
(2046–2065), models project a model-averaged increase in surface air temperatures 
of 1.3 to 1.8 °C, depending on the emission scenario used. By the end of the 21st 
century (2090–2099), models project a model-averaged increase in surface air 
temperatures of 1.8 to 4.0 °C, depending on the emission scenario used.

For any given CO2 emission scenario, there is considerable model-based uncer-
tainty in projections of future warming, particularly by the end of the 21st century 
(Meehl et al. 2007). For example, the low-emissions B1 scenario produces the 
lowest model-averaged projected mean temperature increase of 1.8 °C by the end of 
the 21st century (fi g. 2.11); however, the uncertainty range is 1.1 to 2.9 °C. Similarly, 
the high-emissions A1F1 scenario produces the highest model-averaged projected 
mean temperature increase of 4.0 °C by the end of the 21st century; however, 
the uncertainty range is 2.6 to 6.4 °C. Therefore, although all model projections 
indicate signifi cant increases in global mean surface air temperatures over the next 

Figure 2.11—Left panel: Solid lines are multimodel global averages of surface warming relative to 1980–1999 for the 
Special Repost on Emission Scenarios (SRES) scenarios A2, A1B, and B1, shown as continuations of the 20th century 
simulations. The orange line is for the experiment where concentrations were held constant at year 2000 values. The bars 
in the middle of the fi gure indicate the best estimate (solid line within each bar) and the likely range assessed for the six 
SRES marker scenarios at 2090–2099 relative to 1980–1999. The assessment of the best estimate and likely ranges in 
the bars includes the Atmosphere-Ocean General Circulation Models (AOGCMs) in the left part of the fi gure, as well as 
results from a hierarchy of independent models and observational constraints. Right panels: Projected surface tempera-
ture changes for the early and late 21st century relative to the period 1980–1999. The panels show the multi-AOGCM 
average projections for the A2 (top), A1B (middle), and B1 (bottom) SRES scenarios averaged over decades 2020–2029 
(left) and 2090–2099 (right). (From IPCC [2007a], fi g. 3.2.)
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century, the amount of warming expected remains uncertain, ranging from a little 
more warming than in the past century to almost eight times as much.

Warming is not expected to be uniform (spatially) or even (temporally). Warm-
ing is expected to be greatest over land areas and at higher latitudes, and least 
over oceans (Meehl et al. 2007) (fi g. 2.11). Heat waves (extreme temperatures) are 
expected to be more frequent and intense (Meehl and Tebaldi 2004, Meehl et al. 
2007), but periods of extreme cold may continue to occur in response to spatial and 
temporal variability in climate. Daily minimum temperatures are expected to rise 
faster than daily maximum temperatures, reducing diurnal temperature fl uctua-
tions (Meehl et al. 2007). Drivers of interdecadal climatic variability (e.g., Pacifi c 
Decadal Oscillation) also will continue to operate, potentially creating extended 
periods of stable or cooling mean temperatures followed by periods of rapidly 
increasing mean temperatures (along with associated changes in precipitation).
For the Pacifi c Northwest, Mote and Salathé (2010) analyzed climate projections 
from 21 GCMs to summarize the projected changes in climate during the 21st 
century under two emissions scenarios (B1 and A1B). They reported an average 
projected increase in mean surface air temperature by the late 21st century of 2.5 
°C for the low-emission B1 scenario and 3.4 °C for the high-emission A1B scenario 
(total range of 1.5 to 5.8 °C for both scenarios across all models). This is slightly 
higher than the projected increases in global mean temperatures when controlling 
for emission scenario. Some of the difference may be attributed to the weighted 
mean used by Mote and Salathé (2010), which gives higher weight to models with 
high skill in reproducing climatic conditions and changes in the 20th century. Model 
projections suggest that the greatest warming will occur in summer (June through 
August), increasing seasonal temperature fl uctuations (Mote and Salathé 2010).

Projected precipitation changes—
Globally, mean annual precipitation is expected to increase in conjunction with 
warming temperatures (Meehl et al. 2007). Although the model-averaged projec-
tions for global mean annual precipitation increases are relatively small (3 to 5 per-
cent), the models project considerable regional and seasonal variability in precipita-
tion changes (fi g. 2.12), projected precipitation changes vary somewhat by emission 
scenario, and there is considerable variability among individual model projections 
for the same emission scenario (Meehl et al. 2007). Decadal variability in sea sur-
face temperatures (e.g., the Pacifi c Decadal Oscillation) is likely to interact with 
changing climate to infl uence precipitation patterns at a regional scale, but models 
suggest that climate change resulting from increasing greenhouse gases will be-
come dominant within two to three decades (Meehl et al. 2010).

The amount of warming 
expected remains 
uncertain, ranging 
from a little more 
warming than in the 
past century to almost 
eight times as much.
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For the Pacifi c Northwest, GCM projections for changes in mean annual precip-
itation are equivocal, with model-averaged projections for changes in mean annual 
precipitation of less than 5 percent through the end of the 21st century, but also with 
individual model projections of change ranging from -10 percent to +20 percent by 
the end of the century (Mote and Salathé 2010). Most of the models reviewed by 
Mote and Salathé (2010) project reductions in summer precipitation in the Pacifi c 
Northwest, with the model-averaged mean reaching -14 percent by the end of the 
21st century. Most of models also project increases in mean winter precipitation 
(December through February), with the model-averaged projection reaching as high 
as +8 percent by the end of the 21st century (Mote and Salathé 2010).

Water Availability
One of the most important mechanisms by which climate change can infl uence 
vegetation composition and dynamics is through its effects on soil water avail-
ability, water uptake by plants, and evapotranspiration. Soil water availability 
depends on precipitation inputs (form, amount, intensity, and seasonality), surface 
and subsurface water movement, evaporative demand, and vegetation structure and 
composition. Evapotranspiration is driven primarily by temperature and humidity 
but can be constrained by reductions in stomatal conductance or reduced water 
uptake owing to low soil water availability. In this section, we briefl y review the 
likely effects of projected changes in annual and seasonal mean temperature and 
precipitation on important components of the hydrologic cycle, including the frac-
tion of winter precipitation received as snowfall, snowpack water storage, snowmelt 
rates, evapotranspiration, and soil water availability.

Figure 2.12—Relative changes in precipitation (in percent) for the period 2090–2099, relative to 1980–1999. 
Values are multimodel averages based on the Special Report on Emissions Scenarios A1B scenario for Decem-
ber to February (left) and June to August (right). White areas are where less than 66 percent of the models agree 
in the sign of the change and stippled areas are where more than 90 percent of the models agree 
in the sign of the change. (From IPCC [2007a], fi g. 3.3.)
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Snowfall and Snowpack Water Storage
Winter snowpack is an important regulator of vegetation structure and productiv-
ity in the Pacifi c Northwest and many other regions of the world. One of the most 
important functions of snowpack in western North America is storing winter pre-
cipitation for use in spring and summer months when demand for water by humans, 
fi sh and wildlife, and vegetation often exceeds supply. 

The effectiveness of snowpack as a water storage mechanism depends on the 
total amount of winter precipitation, the proportion of winter precipitation that falls 
as snow, and rates at which snow melts during the winter and spring. In regions 
with reliably cold winter temperatures, like high-elevation mountainous areas of the 
interior West, snowpack accumulation is typically limited by the amount of winter 
precipitation, as most winter precipitation falls as snow (Cayan 1996, Hamlet et 
al. 2005). In warmer, maritime climates (e.g., lower elevation maritime mountains 
of Washington and Oregon), snowpack accumulation depends more on winter 
temperatures, as winter precipitation is often abundant, but much of it can fall as 
rain during warmer periods (Cayan 1996, Hamlet et al. 2005, Mote 2006). Spring 
snowpack melt rates depend largely on spring temperatures, winds, and the occur-
rence of warm rainfall events. Given the importance of climate in accumulating 
and melting snowpack, it is no surprise that snowpack dynamics are sensitive to 
climatic variability and change. For the Pacifi c Northwest, changes in snowpack 
in the colder interior mountains will largely be driven by changes in precipitation, 
while changes in snowpack in the warmer maritime mountains (e.g., Olympics and 
western Cascades) will be driven largely by changes in temperature (Hamlet et al. 
2005). 

Despite high interannual variability, several studies have reported long-term 
negative trends in snowpack accumulation, spring snowpack water storage, 
snowpack duration over the past 50 to 100 years that are attributable to warming 
winter and spring temperatures. Knowles et al. (2006) found signifi cant reductions 
throughout the Western United States in the proportion of winter precipitation 
(November to March) that fell as snow from 1949 to 2004. Mote et al. (2005) found 
a corresponding reduction in spring (April 1) snowpack water equivalent for a 
similar region and time period. Finally, Stewart et al. (2004) analyzed streamfl ow 
patterns and found a trend toward earlier snowmelt in the Western United States 
from 1948 to 2000, with streams and rivers reaching the midway point in their 
annual water discharge up to 20 days earlier in the water year. Glacial ice has also 
declined dramatically in the Pacifi c Northwest over the past century (Pelto 2006). 

Analysis of spring snowpack sensitivity to winter temperatures suggests that 
spring snowpack water storage (April 1 snowpack water equivalent) should decline 
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by about 16 percent for every 1 °C of warming, assuming that warming is accompa-
nied by increased precipitation (Casola et al. 2009). If this analysis is correct, mean 
spring snowpack water equivalent would have already declined by 8 to 16 percent 
over the past 30 years, and would be expected to decline by an additional 11 to 21 
percent by 2050, based on projected temperature increases (Casola et al. 2009).

Projected future increases in winter temperatures and precipitation are likely to 
reduce snowpack accumulation and duration in much of the Pacifi c Northwest by 
increasing the proportion of winter precipitation that falls as rain and causing the 
snowpack to melt earlier (Barnett et al. 2005, Brown and Mote 2009). Changes in 
snowpack water content and duration will be most obvious at middle elevations in 
the mountains, where warming will cause the transitory snow zone and permanent 
snowline to move upward (Elsner et al. 2010, Stewart 2009). High-elevation sites 
that maintain freezing winter temperatures may accumulate additional snowpack 
as additional winter precipitation falls as snow; however, snowpack water storage 
is still likely to decline at the regional scale as high-elevation sites comprise a low 
fraction of total land area (Stewart 2009).

Evapotranspiration
Warmer winter and spring temperatures may also increase evaporative demand and 
alter the timing of evaporative water losses and plant water use. Evapotranspiration 
is the sum of water returned to the atmosphere through evaporation from the soil 
and other surfaces and through transpiration from plants. Potential evapotrans-
piration is driven largely by temperature and solar radiation, so it is expected to 
increase as mean temperatures increase unless cloud cover also increases and 
reduces solar radiation inputs. Actual evapotranspiration also depends on water 
availability, so increases in actual evapotranspiration are likely only if precipita-
tion increases along with temperatures. In some areas, however, the seasonality 
of evapotranspiration may be altered with projected climatic changes, as warming 
temperatures cause water to be evaporated earlier in the spring, leaving less avail-
able in the summer and fall months.

Hamlet et al. (2007) used gridded historical climate records for the Pacifi c 
Northwest along with a hydrological model to examine possible trends in evapo-
transpiration over the past century. Based on model output, they reported a posi-
tive trend in spring evapotranspiration over the past century, as earlier snowmelt 
promoted earlier soil water recharge, plant activity, and evaporative losses (Hamlet 
et al. 2007). Summer evapotranspiration became more dependent on summer rain-
fall, as soil water from melting snowpack became less available for use in summer 
months (Hamlet et al. 2007).
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Soil Water Balance
Summer water defi cits occur annually in most regions and vegetation types of 
the Pacifi c Northwest, though the duration and intensity of water defi cits vary 
considerably throughout the region and along elevational gradients. Precipitation 
falls primarily during the cooler months (October through March), while potential 
evapotranspiration is highest in the warmer and drier months (April through 
September). This temporal separation between precipitation inputs and evaporative 
demand creates high potential for summer water defi cits where evaporative demand 
exceeds water storage capacity. At higher elevations, winter snowpack can store a 
signifi cant portion of winter precipitation and release it to the soil during spring and 
early summer, thereby reducing the duration and magnitude of summer soil water 
defi cits. The frequency and intensity of summer drought therefore depends on win-
ter recharge of soil water, snowpack water storage, and spring/summer temperature 
and precipitation. The relative importance of these elements, and the mean summer 
drought duration and intensity, varies considerably within the Pacifi c Northwest and 
is an important factor determining the distribution of vegetation types, ecosystem 
productivity, and dominant disturbance regimes. 

Summer soil water availability is likely to decline modestly in much of the 
Pacifi c Northwest under future projected climatic changes, but the magnitude and 
mechanisms of projected changes differ within the region (Elsner et al. 2010). In 
the western mountains and coastal lowlands, reduced snowpack, earlier snowmelt, 
and higher evapotranspiration rates are likely to enhance summer soil drying and 
reduce soil water availability (Elsner et al. 2010). In the interior regions, increased 
winter precipitation could enhance deep soil water recharge, thereby increasing 
deep soil water availability in the summer (Elsner et al. 2010). A continuation of 
the recent trend toward increasing spring precipitation in the dry interior could 
also enhance spring and summer soil water availability if amounts are suffi cient to 
promote deep soil recharge; if not, it is likely to simply enhance spring evapotrans-
piration rates. 

The frequency and 
intensity of summer 
drought depends on 
winter recharge of soil 
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storage, and spring/
summer temperature 
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Chapter 3: Vegetation Sensitivity and 
Acclimation to Changing Climate and CO2

Assessing vegetation sensitivity to climate change requires assessing the degree to 
which climatic variability and change alter vegetation performance and survival. 
Individual plants are immobile, so their sensitivity to climate can be assessed 
primarily in terms of their growth (productivity), reproduction, and survival. Plant 
population responses integrate climatic effects on reproduction and survival at 
the individual plant level and can be measured as rates of population increase (or 
decline), including local extirpation. Plant community responses integrate climatic 
effects on constituent plant populations, as well as effects on biotic interactions, 
and are commonly measured as the number and relative abundances of interacting 
species. Finally, assessing vegetation sensitivity to climate at the ecosystem level 
typically involves measuring responses—such as net primary productivity, total 
carbon stocks, and nutrient cycling rates—that integrate individual plant perfor-
mance across populations and communities.

In this chapter, we review common vegetation responses that represent sen-
sitivity to climate and elevated carbon dioxide (CO2) at each of these levels, with 
emphasis on processes and responses commonly found in Pacifi c Northwest vegeta-
tion. We fi rst examine climate and CO2 effects on plant growth and reproduction, as 
these are basic measures of vegetation performance at the individual and population 
levels. We also examine the potential for changing climate to alter the intensity of 
and outcomes from biotic interactions and the implications for plant community 
responses to climate change. Finally, we examine ecosystem responses to changing 
climate and CO2, including potential changes in net primary productivity, eco-
system carbon storage, and nutrient cycling. Plant mortality responses to climate-
related stressors and disturbances are discussed in chapter 4, while plant adaptive 
responses are discussed in chapter 5.

Physiological Processes, Plant Growth, 
and Ecosystem Productivity
Climate infl uences plant growth through its effects on temperature, soil water, light, 
and nutrients. These factors are important for regulating rates of photosynthesis and 
respiration, water and nutrient uptake from soils, and biomass production. Tem-
perature and soil water also infl uence soil biota and their contributions to organic 
matter decomposition, nutrient cycling, and exchange of resources with plants. Plant 
growth is also infl uenced by atmospheric CO2 concentrations, which can directly 
alter rates of photosynthesis, respiration, and transpiration, and can indirectly infl u-
ence soil water and nutrient availability. 
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Plant growth in temperate zones occurs within the context of a constantly 
changing climate. As sessile organisms, plants must have the ability to adjust to 
daily, seasonal, interannual, and longer term changes in solar radiation, tempera-
ture, and precipitation, and associated changes in soil temperature, soil water 
availability, and soil nutrient availability. In addition to these relatively predictable 
cycles in environmental conditions and resource availability, plants must also have 
mechanisms for coping with periodic episodes of extreme environmental condi-
tions, such as heat waves, extreme cold temperatures, and drought. 

Increasing atmospheric concentrations of CO2 and associated changes in 
climate are expected to infl uence plant growth by altering the ranges of environ-
mental conditions and resource availability plants experience throughout their 
annual growth cycle. In this section, we highlight some key experimental and 
observational research that provides insights to the likely effects of changing 
climate and atmospheric CO2 on plant carbon uptake (photosynthesis and res-
piration), plant growth, and allocation of carbon to mycorrhizae, plant defense 
compounds, and other nonstructural purposes. We also describe ways in which 
plants acclimate to seasonal and longer term climatic variability and to elevated 
CO2 concentrations. Experimental studies are particularly important sources for 
this information, as they provide information about potential responses of exist-
ing vegetation to future climate and CO2, in the absence of genetic adaptation in 
populations or species migrations (which are addressed in chapter 5).

Photosynthesis and Respiration
Photosynthesis and respiration regulate net uptake and fi xation of carbon. Pho-
tosynthesis allows plants to convert CO2 and water into organic compounds that 
store energy and can be used for plant growth and maintenance, seed production, 
conversion to plant defense compounds, or export to soil biota (among other things). 
Respiration allows plants to use stored energy for plant growth and maintenance. 
Both processes are sensitive to changing environmental conditions and resource 
availability, but they differ in both their initial responses and ability to acclimate.

Increasing mean annual temperatures are likely to increase photosynthetic rates 
for many temperate plant species, given suffi cient light and water (Saxe et al. 2001). 
Photosynthetic rates in temperate-zone plants generally increase with short-term 
increases in temperature up to a maximum at about 25 to 40 °C, while acclimation 
to persistent temperature increases can raise photosynthetic maxima by up to 10 
°C (Berry and Björkman 1980, Saxe et al. 2001). Warming nighttime temperatures 
can also increase photosynthetic rates by reducing the frequency of low-temperature 
photoinhibition (Germino and Smith 1999). Warming temperatures can increase 
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plant photosynthetic rates indirectly by changing leaf nitrogen content and photo-
synthetic capacity (Lewis et al. 2004). In Douglas-fi r (Pseudotsuga menziesii (Mirb.) 
Franco) seedlings, for example, experimental warming increased chlorophyll and 
carotenoid concentrations (Ormrod et al. 1999) and increased seedling needle 
nitrogen (N) concentrations by 26 percent and light-saturated photosynthetic rates 
by 17 percent (Lewis et al. 2004). Warming temperatures are not uniformly benefi -
cial for photosynthesis, however, as temperatures in excess of the photosynthetic 
optimum can rapidly reduce photosynthesis by impairing protein functioning 
(Saxe et al. 2001) and high daytime temperatures can reduce net photosynthesis 
by increasing rates of photorespiration (Long et al. 1994). 

Soil water availability is another major control on photosynthetic rates of 
Pacifi c Northwest plants. Summer soil water defi cits occur annually in most veg-
etation types of the Pacifi c Northwest, producing some level of drought stress in 
plants. Plants typically respond to short-term drought stress by reducing stomatal 
apertures, which can reduce water loss through transpiration, but also reduces pho-
tosynthetic rates by reducing CO2 concentrations within plant leaves. By increasing 
evaporative demands, warmer temperatures can increase the frequency and severity 
of summer drought and associated effects on photosynthesis.

Autotrophic respiration can consume 30 to 80 percent of net photosynthesis 
in plants, as respiration generates the energy needed for plants to do work (Atkin 
and Tjoelker 2003, Saxe at al. 2001). Although growth respiration is relatively 
insensitive to temperature, maintenance respiration is quite sensitive to short-term 
temperature changes. Respiration rates typically rise by a factor of 1.8 to 2.5 
(roughly double) in response to a 10 °C increase in temperature (Atkin and Tjoelker 
2003, Saxe et al. 2001). Over longer periods, however, respiration can acclimate to 
elevated ambient temperatures (Atkin and Tjoelker 2003). There is evidence that 
respiration may become substrate-limited at higher temperatures, so that respiration 
rates become more tightly coupled to photosynthetic rates over longer time scales 
(Atkin and Tjoelker 2003, Atkin et al. 2005, Saxe et al. 2001).

Elevated CO2 may help to offset the effects of higher temperatures and reduced 
soil water availability on photosynthesis and net carbon uptake. Carbon dioxide is 
a critical resource for photosynthesis but is available at relatively low atmospheric 
concentrations. In acquiring CO2 from the atmosphere through stomatal diffusion, 
plants lose water to the atmosphere through transpiration, requiring mechanisms 
like stomatal aperture control to balance the effects of low water, CO2, and light 
availability on productivity (Hetherington and Woodward 2003, Lambers et al. 
1998). Theory suggests that increasing atmospheric concentrations of CO2 could 
increase individual plant growth and ecosystem productivity (Long et al. 2004), 
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and there has been considerable research in recent decades to detect and better 
understand this potential CO2 “fertilization effect.” 

Experimental studies have shown that the primary effect of elevated CO2 on 
plants is to increase resource-use effi ciency—the amount of carbon fi xed per unit of 
resource obtained or used (Drake et al. 1997). Elevated CO2 allows plants to reduce 
stomatal conductance and leaf-level transpiration while maintaining adequate 
CO2 concentrations for photosynthesis within leaves, thereby increasing water-use 
effi ciency (Ainsworth and Long 2005, Drake et al. 1997, Leakey et al. 2009, Long 
et al. 2004, Medlyn et al. 2001). Improved water-use effi ciency under elevated CO2 
is most prevalent in plants with the C3 photosynthetic pathway, which includes the 
majority of forest plants in the Pacifi c Northwest as well as many rangeland species. 
Elevated CO2 also stimulates photosynthesis and increases light-use effi ciency by 
increasing the carboxylation rate of Rubisco and competitively inhibiting oxygen-
ation of Ribulose-1, 5-bisphosphate (RubP) (Ainsworth and Long 2005, Drake et al. 
1997). Plants appear to acclimate to prolonged exposure to elevated CO2 by reduc-
ing Rubisco concentrations and mass-based leaf nitrogen content while maintaining 
elevated photosynthetic rates, thereby increasing nitrogen-use effi ciency (Ainsworth 
and Long 2005, Drake et al. 1997, Leakey et al. 2009, Long et al. 2004). 

Greater resource-use effi ciencies can facilitate greater total carbon acquisi-
tion by plants, if plant demand for carbon (the “sink strength”) is suffi ciently high. 
Increased carbon acquisition rates, in turn, can produce a wide range of ecological 
impacts on plants and ecosystems, including increased plant growth and ecosystem 
productivity (Leakey et al. 2009), increased shade tolerance (Drake et al. 1997), 
reduced drought stress, increased soil water availability (Holtum and Winter 2010), 
reduced plant nutrient quality for insect and animal herbivores (Lincoln et al. 1993, 
Robinson et al. 2012, Zvereva and Kozlov 2006), and reduced rates of litter decom-
position and soil nutrient cycling. 

In general, warmer temperatures produce a positive effect on photosynthesis, 
except where ambient temperatures are already close to (or beyond) the photosyn-
thetic optimum or where soil water availability strongly limits stomatal conduc-
tance and photosynthesis (Saxe et al. 2001). Warmer temperatures signifi cantly 
increase respiration rates over short time periods, but respiration rates can accli-
mate to changes in mean temperatures over time. Elevated CO2 can help reduce the 
frequency and severity of drought-induced reductions in photosynthesis by helping 
plants maintain adequate internal concentrations of CO2 while reducing water 
losses by reducing stomatal aperture.
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Phenology
Warmer mean temperatures may also infl uence vegetation growth and productiv-
ity through their effects on plant phenology (the timing and duration of growth 
stages) and growing season length. Plant phenology in temperate woody plants is 
largely controlled by winter and spring temperatures and by photoperiod (Polgar 
and Primack 2011). Processes infl uenced by temperatures include the initiation of 
fl owering (Dunne et al. 2003), budburst (Guak et al. 1998, Harrington et al. 2010, 
Worrall 1983), root growth (Lopushinsky and Max 1990), and cold hardening (Guak 
et al. 1998, Saxe et al. 2001). For example, Worrall (1993) reported that budburst in 
subalpine larch (Larix lyallii Parl.) varied by up to 6 weeks and leaf-fall varied by 
up to 4 weeks from year to year and that both were correlated with spring and sum-
mer temperatures. Similarly, Lopushinsky and Max (1990) used a greenhouse study 
to show that root growth began when soil temperatures exceeded 5 °C. 

Winter temperatures can also infl uence spring budburst timing. Some species 
delay budburst if they have not experienced a suffi ciently long or intense period of 
cold temperatures, which is often referred to as a “chilling requirement” (Campbell 
and Sogano 1979, Cannell and Smith 1983, Harrington et al. 2010, Kozlowski and 
Pallardy 2002). In areas with mild winters, warmer winter temperatures could fail 
to satisfy the chilling requirements for some species (e.g., Douglas-fi r), thereby 
delaying the onset of spring budburst and shoot growth and offsetting some of the 
potential benefi ts of warmer spring temperatures (Harrington et al. 2010). However, 
early initiation of budburst or fl owering can also expose plants to increased risk of 
frost damage (Cannell and Smith 1986, Inouye 2008), so delays in budburst owing 
to unmet chilling requirements may also provide some benefi ts. 

Temperature triggers on growth phenology, if well-adapted, can help plants 
synchronize their growth activity with periods of favorable resource availability, 
including favorable temperatures. In subalpine zones, low heat requirements allow 
trees to initiate and complete their annual growth cycle (including seed production 
and cold hardening) before the return of cold temperatures in the fall (Tranquillini 
1979; Worrall 1983, 1993), thereby maximizing growing season length. In water-
limited systems, early growth initiation may also be advantageous, allowing plants 
to capture and use soil water that would not be available later in the summer and 
perhaps gaining a competitive advantage over species with later growth initiation 
(resource preemption). 

Plant phenological responses to warming of global temperatures in recent 
decades have been well documented by direct observation of plant species—some 
extending back hundreds of years—and, more recently, by satellite imagery and 
analysis of seasonal changes in atmospheric CO2 concentrations (Badeck et al. 
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2004, Cleland et al. 2007, Parmesan 2006, Polgar and Primack 2011). A recent 
meta-analysis of phenological studies from multiple sources indicated that spring 
growth phenology has been advancing at an average rate of 2.8 days per decade 
(Parmesan 2007). Although phenological responses can differ considerably by spe-
cies, a study of more than 500 European plant species found signifi cant advances in 
30 percent of leafi ng, fl owering, and fruiting records, compared to signifi cant delays 
in only 3 percent of records, in response to warming during 1971–2000 (Menzel 
et al. 2006). Unfortunately, records on the cessation of growth are less common, 
so it is diffi cult to conclusively link spring advancement of growth phenology with 
longer growing season lengths, except through remote sensing approaches.

Plant Growth and Ecosystem Productivity
Plant growth and biomass production are important measures of plant responses to 
changing climate and elevated CO2. Plant growth allows plants to forage for and 
capture critical resources (e.g., root growth and water uptake; height growth and 
light interception), compete for resources and growing space with other plants, 
replace tissues lost to disturbances (e.g., herbivory or wind damage), and increase 
resistance to disturbances (e.g., thicker bark to resist fi re; greater height to avoid 
herbivory). Plant growth is also a major sink for carbon fi xed through photosyn-
thesis, so high growth rates can promote higher levels of carbon uptake (and vice 
versa). Finally, biomass production is a required precursor for long-term ecosystem 
carbon storage and serves as an important feedback of ecosystem productivity on 
disturbance processes such as fi re.

Plant growth and biomass production can be limited by one or more climatic 
limiting factors, including air and soil temperatures, soil water availability, and 
solar radiation. Ecosystem model simulations of global terrestrial biomes suggest 
that temperature and water availability are the dominant climatic factors limiting 
net primary productivity globally, with solar radiation being the dominant limiting 
factor for only about 5 percent of the biomes (Churkina and Running 1998). Given 
the diverse range of environments and biomes in the Pacifi c Northwest, all three 
climatic limiting factors are likely to operate in some regions and seasons, but win-
ter temperatures and water limitations are considered the dominant controls on leaf 
area and net primary productivity in Pacifi c Northwest ecosystems (Gholz 1982, 
Grier and Running 1977). Soil nutrients (especially nitrogen) are another important 
factor limiting vegetation growth and productivity throughout much of the Pacifi c 
Northwest, which, though not directly climate-related, may modify vegetation 
structure and productivity (Gholz 1982). 

Tree ring analyses have demonstrated the effects of climatic limiting factors 
on growth and biomass production in a number of forest types and biophysical 
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settings. Tree growth in low-elevation juniper woodlands and ponderosa pine 
(Pinus ponderosa Lawson and C. Lawson) forests is positively correlated with 
precipitation, particularly outside the growing season, but relatively insensitive to 
temperature fl uctuations (Knutson 2006, Kusnierczyk and Ettl 2002), suggesting 
a strong water limitation on net primary production. In contrast, tree growth in 
subalpine forests can be negatively correlated with winter precipitation and spring 
snowpack depth and positively correlated with summer temperatures, suggest-
ing that temperature and growing season length limit production (Peterson and 
Peterson 1994, 2001; Peterson et al. 2002). Within the continuous forest zone, tree 
growth is often positively correlated with soil water availability to varying degrees 
(Case and Peterson 2005, 2007; Littell et al. 2008; Nakawatase and Peterson 2006). 
In general, tree ring studies support ecosystem model projections regarding the 
dominant environmental factors limiting net primary productivity (NPP) in forests; 
however, recent work suggests that site and individual tree characteristics may gen-
erate signifi cant variability in growth responses to climatic variability and change 
(Carnwath et al. 2012; Ettl and Peterson 1995a,1995b; Knutson 2006).

Overall, research suggests that warming air and soil temperatures will enhance 
plant growth and ecosystem production, given suffi cient water availability (Boisv-
enue and Running 2006, 2010). Warmer temperatures are expected to increase net 
carbon gain as respiration acclimates to warmer temperatures more than photosyn-
thesis, allowing plants to adjust and maintain carbon-use effi ciency (Maseyk et al. 
2008). Temperature effects on phenology will tend to extend the growing season 
and, potentially, plant growth. Increased availability of soil N could also increase 
growth and productivity. All of these potential gains, however, depend on adequate 
availability of soil water, which is likely to decline with increasing temperatures.

Temperature and moisture effects on vegetation growth and productivity are 
likely to be highly variable within and among biomes. Positive responses to warm-
ing temperatures are more likely to be observed in subalpine and alpine ecosystems 
(where temperature is limiting) than in deserts, shrublands, and savannas (where 
water is the dominant limiting factor) (Latta et al. 2010). Warming temperatures 
appear to increase growth and productivity in deciduous species more than in 
evergreen trees (Way and Oren 2010), suggesting that warming temperatures may 
benefi t early-seral and understory species (e.g., alders [Alnus spp.] and maples 
[Acer spp.]) more than evergreen conifers in the Pacifi c Northwest. 

Plant growth responses to elevated CO2 differ spatially and temporally with 
climate, soil water availability, and soil nutrient availability (Housman et al. 2006, 
McCarthy et al. 2010, McMurtrie et al. 2008, Norby et al. 2010, Reich et al. 2001) and 
also among species. In an experimental study with loblolly pine (Pinus taeda L.) 
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at Duke Forest, 10 years of exposure to elevated CO2 produced sustained increases 
in plant biomass production; however, positive responses to elevated CO2 were 
greater on sites with high N availability than on sites with low N availability and 
were greater (on a relative basis) in dry years than in wet years (McCarthy et al. 
2010). Similarly, experimental N additions have produced increased plant biomass 
production responses to elevated CO2 on nutrient-limited sites (Oren et al. 2001, 
Reich et al. 2001). In the Mojave Desert, positive effects of elevated CO2 on pho-
tosynthesis and productivity in three desert shrub species–creosote bush (Larrea 
tridentatea (DC.) Coville), littleleaf ratany (Krameria erecta Willd. Ex Schult.), and 
burrobush (Ambrosia dumosa (A. Gray) Payne)—were largely limited to seasons 
and years of higher relative water availability, suggesting that future responses of 
desert vegetation to elevated CO2 may be dependent on concomitant changes in 
precipitation patterns and growing season length (Housman et al. 2006, Naumburg 
et al. 2003).

Species responses to elevated CO2 have been shown to differ among plant func-
tional groups (grasses, forbs, shrubs, and trees), among photosynthetic pathways 
(C3 or C4), between N2-fi xing and non-N2-fi xing species, and with leaf structure 
and longevity. A meta-analysis of experimental studies showed that trees were 
more responsive to elevated CO2 than C3 grasses, with greater percentage increases 
in leaf area index, height, and aboveground dry matter production (Ainsworth 
and Long 2005). Similarly, in studies of four crop species, only the woody crop, 
cotton, showed a signifi cant yield enhancement under elevated CO2 (Ainsworth 
and Long 2005). Species employing the C3 photosynthetic pathway were more 
responsive than species employing the C4 pathway, with C3 grasses demonstrating 
greater mean increases in dry matter production than C4 grasses (Ainsworth and 
Long 2005). Lee et al. (2003) found that elevated CO2 increased production by 57 
percent in a leguminous forb with symbiotic N2 fi xation (sundial lupine, Lupinus 
perennis), while the response of a nonleguminous forb (yarrow, Achillea millefolium 
L.) was less (0 to 25 percent increase), with positive growth responses dependent 
on nitrogen additions. Niinemets et al. (2011) have also proposed that evergreen 
plants that feature leaves with more robust structures will experience more gains in 
water use effi ciency and productivity under elevated CO2 than deciduous plants, as 
their “tougher” leaves inhibit internal diffusion of CO2 and increase sensitivity to 
atmospheric CO2 concentrations. 

Plant responses to elevated CO2 levels also differ considerably among species 
within functional groups. Housman et al. (2006) reported differences in growth 
enhancement under elevated CO2 for three desert shrub species. Dawes et al. 
(2011) found that continued exposure (9 years) to elevated CO2 in a subalpine forest 
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increased leaf canopy cover, stem basal area, and new shoot production in European 
larch (Larix decidua Mill.), but found no signifi cant growth response in mountain 
pine (Pinus mugo ssp. uncinata (Raymond) Domin. Biomass responses to elevated 
CO2 also differed considerably among tallgrass prairie species within four plant 
functional groups: C3 grasses, C4 grasses, forbs, and legumes (Craine et al. 2003, 
Reich et al. 2001). 

Interactions among elevated CO2, water and nutrient availability, and altered 
climate make it diffi cult to predict the net productivity response of plants (Angert 
et al. 2005, Huang et al. 2007). Although elevated CO2 has been shown to improve 
resource use effi ciency and increase productivity for some species and sites under 
current climate, warmer temperatures or increased drought intensity projected 
under future climate scenarios could more than offset those benefi ts, leading to no 
net gains or reduced productivity for some species. Similarly, the potential benefi ts 
of elevated CO2 on plant growth and productivity differ considerably with site 
conditions.

Future responses of Pacifi c Northwest vegetation to elevated CO2 are highly 
uncertain owing to limited experimental studies with elevated CO2 in the Pacifi c 
Northwest (or with Pacifi c Northwest species) and the wide range of biophysical 
settings and vegetation types. However, we can make a few projections based on 
general fi ndings from studies in other ecosystems. First, increases in water-use 
effi ciency produced by elevated atmospheric CO2 levels could partially offset 
temperature-induced increases in evapotranspiration and drought stress, particu-
larly in ecosystems with mild to moderate seasonal drought. However, Reich et 
al. (2006b) hypothesized that elevated CO2 would provide little positive benefi t in 
ecosystems where water is the dominant limiting factor (e.g., rangelands and dry 
forests of the interior Pacifi c Northwest), as appears to be the case for desert shrubs 
(Naumburg et al. 2003). Second, low nitrogen availability (and low atmospheric 
N deposition rates) in many Pacifi c Northwest forests and rangelands could limit 
the benefi ts of elevated CO2 over time as progressive nitrogen limitation offsets 
increased nitrogen-use effi ciency. 

Plant Reproduction
Plant reproduction is another measure of vegetation sensitivity to changing climate 
and atmospheric CO2 concentrations and is critical for population growth and 
species colonization. Plant reproduction infl uences the ability of species to migrate 
to new areas, persist in or colonize disturbed sites, and compete with established 
vegetation to infl uence plant community composition and successional dynamics. 
In this section, we provide a brief review of the sensitivity of plant reproductive 
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processes—including fl owering and pollen production, fertilization, seed pro-
duction, dispersal, germination, and establishment—to climatic variability and 
elevated CO2. 

Seed Production
Seed production in plants can be infl uenced by climate and elevated atmospheric 
CO2 (Jablonski et al. 2002, LaDeau and Clark 2006). Warmer air and soil tem-
peratures can advance fl owering phenology in plants (Beaubien and Hamann 
2011, Dunne et al. 2003, Parmesan 2006). Although earlier fl owering can promote 
increased seed production and viability (Richardson et al. 2005, Walck et al. 2011), 
it can also expose plants to frost damage and reduced seed production, particu-
larly at high elevations and latitudes (Beaubien and Hamann 2011, Inouye 2008). 
Climate-induced shifts in reproductive phenology can also alter plant reproductive 
capacity by altering phenological synchrony between plants and insect pollinators 
or herbivores (Hegland et al. 2009, Liu et al. 2011). Studies of seed masting in trees 
suggest that temperature and precipitation (water availability) may act at different 
stages of fl owering and fruiting to infl uence seed production (Selås et al. 2002, 
Woodward et al. 1994). In general, however, the climatic and other environmental 
factors infl uencing seed production and viability are still poorly understood for 
most species, making it diffi cult to project responses to future climatic changes.

Elevated CO2 can stimulate seed production and mass in both crop and wild 
species (Jablonski et al. 2002), as seed production provides a sink for surplus 
carbon. For example, loblolly pines growing under elevated CO2 matured earlier 
and produced more seeds and cones (adjusted for tree size) than those growing at 
ambient CO2 levels (LaDeau and Clark 2001, 2006), but there was no CO2 effect on 
seed mass, viability, or nutrient content (Way et al. 2010). However, CO2 effects on 
seed production differ among plant species and functional groups (Hikosaka et al. 
2011, Jablonski et al. 2002), and plant allocation to seed production can also decline 
under elevated CO2 for some species (HilleRisLambers et al. 2009). 

Dispersal (Including Long Distance)
Seed dispersal is an important process by which populations can expand into 
neighboring sites (e.g., colonizing disturbed sites) and by which species can expand 
their geographic ranges. Wind is the dominant seed dispersal agent in forests and 
rangelands of the Pacifi c Northwest, but animals (including humans) and water 
also transport seeds. Seed (and pollen) dispersal distances are typically skewed, 
with most seed falling close to the source and a very small number of seeds being 
transported great distances (Nathan et al. 2008). The mechanisms, frequency, and 
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impacts of long-distance seed transport have received considerable research atten-
tion, as pollen studies have suggested that long-distance dispersal played an impor-
tant role in species migrations following the last glacial period and may be the only 
way by which species migrations can track future climate change in some regions 
(Loarie et al. 2009, Nathan et al. 2008). However, recent studies have indicated 
that some populations once believed to have established via long-distance dispersal 
actually derived from remnant populations that persisted through the glacial period 
in refugia (McLachlan et al. 2005, Petit et al. 2008). These latter studies suggest 
that estimates of historical migration rates for some species will have to be reduced 
signifi cantly and that true potential migration rates are substantially lower than 
what would be needed to track future climate changes (McLachlan et al. 2005).

Whether future climate changes will have a signifi cant infl uence on long-
distance seed dispersal is unclear. Increased fecundity in populations on the leading 
edges of species ranges could increase chances for long-distance dispersal simply 
by providing more seed (Hampe 2011). Changing climate could alter dispersal 
pathways at landscape to regional scales by altering arrival site suitability for 
seed germination and establishment (Hampe 2011). Kuparinen et al. (2009) also 
suggested that warmer air temperatures in the future could increase atmospheric 
instability and increase distances for wind dispersal (including extreme events). 
It is also unclear if other mechanisms for long-distance dispersal (e.g., transport 
by humans, rivers, or migratory animals) would be signifi cantly infl uenced by a 
changing climate.

Seed Dormancy and Germination
Plant seeds often have some mechanism for maintaining dormancy and inhibiting 
germination until some external condition is met (Kozlowski and Pallardy 2002, 
Walck et al. 2011). Endodormancy is common in many woody species of the Pacifi c 
Northwest (e.g., Douglas-fi r), in which moist seeds must be chilled to some degree 
prior to germination (Kozlowski and Pallardy 2002). Other species produce seeds 
with hard coats or waxes that must be broken (or melted) prior to germination 
(Kozlowski and Pallardy 2002); common examples from the Pacifi c Northwest 
include lodgepole pine (Pinus contorta; some populations feature serotinous cones 
that require heating to open and release seeds) and snowbrush ceanothus (Ceano-
thus velutinus Douglas ex Hook.; seeds with hard coats remain dormant in soil until 
heated).

Climate change has the potential to alter seed dormancy period and subsequent 
germination rates through its effects on fi re regimes and winter temperatures. 
Changes in fi re-return intervals would alter restocking of canopy and soil seed 
banks between fi res, residence times for seeds in canopy and soil seed banks 
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(potentially infl uencing viability), depths of seeds buried in soils (infl uencing 
responses to soil heating), and heights of canopy seed banks.

Warming winter temperatures in areas with mild winters could delay or prevent 
germination if they fail to meet the chilling requirements for releasing seeds from 
dormancy (Walck et al. 2011). On the other hand, warming winter temperatures 
could produce premature germination in cold environments, leading to seedling 
death (Walck et al. 2011). Chilling requirements are generally well studied for com-
mercially important plant species in the Pacifi c Northwest, as they are important for 
processing seed for nursery stock. However, little is known about the potential for 
acclimation or adaptation of chilling requirements in altered climates. 

Establishment
Successful establishment is crucial for maintaining the viability of existing popula-
tions, population expansion into new sites, and species migrations. Establishment is 
also the stage in the life cycle of plants that best exemplifi es the infl uence of histori-
cal, physiological, and biotic fi lters on plant species presence and plant community 
composition (Lambers et al. 1998). Successful plant establishment requires the 
arrival of seed (historical fi lter) to a microsite with suitable environmental condi-
tions and resource availability (physiological fi lter), where it can coexist with other 
biotic organisms (the biotic fi lter). Plants cannot become established and persist on 
a site unless each of these elements is in place.

Because most seed falls within relatively short distances of the parent plant, 
establishment tends to be dominated by species with established, reproducing 
populations at or near the site (Donato et al. 2009, Larson and Franklin 2005, Zald 
et al. 2008). Some local populations may be remnant or sink populations that are 
incapable of producing viable seed, whereas others may require favorable climatic 
conditions to produce seed. In the absence of an abundant local seed source, estab-
lishment becomes dependent on long-distance dispersal mechanisms, providing 
stability in established plant communities, but lengthening recovery times follow-
ing severe disturbances.

Plants are usually the most sensitive to environmental stressors (the physiologi-
cal fi lter) during the establishment phase when plants are small. Establishing plants 
initially have small root systems, making them dependent on soil water and nutri-
ents from shallow soil depths in their immediate vicinity. Some species require or 
prefer specifi c types of seedbeds, like bare mineral soil. Carbohydrate and nutrient 
reserves needed for initial growth can also be very limiting early in the establish-
ment process, depending on seed size and resource storage and local shading. 
High surface to volume ratios also make plant tissues more sensitive to extreme 
temperatures.
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Because of these limitations, successful plant establishment often depends 
on favorable microsite conditions or benefi cial biotic interactions (Gray and Spies 
1997). Regeneration after wildfi res and other large disturbances may be facilitated 
by shading from snags, large rocks, or topographic features (e.g., on north-facing 
slopes) that limits radiation inputs and potential evapotranspiration. Similarly, shad-
ing from neighboring trees and shrubs can help reduce heat and water stress 
for some species at the expense of lower light levels. Other species require high 
light levels, while tolerating low water availability. Downed logs can help tree seed-
lings become established by reducing competition from understory plants (Harmon 
and Franklin 1989). Recent studies have suggested the importance of soil biota—
particularly ectomycorrhizal networks—for facilitating tree seedling establishment 
(Bingham and Simard 2012). 

Changes in atmospheric CO2 concentrations and climate are expected to have 
a wide range of impacts on tree seedling establishment. Higher CO2 concentrations 
can increase light- and water-use effi ciency in seedlings, potentially increasing 
shade tolerance, reducing drought stress, and increasing survival. However, Mohan 
et al. (2007) reported that the benefi ts of elevated CO2 on understory seedling 
growth was largely limited to shade-tolerant species. 

Changes in temperature and precipitation (and associated changes in drought 
stress) could reduce establishment rates by long-lived tree and shrub populations by 
creating establishment conditions that differ considerably from those under which 
the original population became established. These altered environmental conditions 
could exert selective pressure on future generations, leading to in situ adaptation 
of populations to changing climate. If changes exceed the adaptive capacity of the 
population, local regeneration could cease or be restricted to multiyear periods of 
favorable climate.

Biotic Interactions
Biotic interactions signifi cantly infl uence species distributions and community 
composition at local to regional scales (Araújo and Luoto 2007). Competition has 
long been recognized as an important process in structuring plant communities and 
vegetation dynamics (Connell and Slatyer 1977, Grime 1979, Tilman 1982), while 
the importance of facilitation (positive interactions) in community structure has 
received increasing recognition in recent decades (Brooker et al. 2008, Callaway 
1995, Callaway and Walker 1997). There is also a rich literature on herbivory and 
its effects on vegetation structure and dynamics (e.g., Bakker et al. 2006, Ritchie et 
al. 1998, Schreiner et al. 1996). Plants often rely on benefi cial biotic interactions for 
initial establishment (e.g., nurse plants or logs, mycorrhizal infection), pollination, 
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seed dispersal, and protection from herbivores. They must also respond to or defend 
against detrimental biotic interactions such as competition for limiting resources, 
herbivory, and seed predation.

Projecting the potential effects of elevated CO2 and changing climate on biotic 
interactions and resulting plant community dynamics has become a topic of great 
interest in recent years, but much work remains to be done in this area. Rising CO2 

and changing climate could alter the outcomes of biotic interactions if compet-
ing individuals or species respond differently to environmental changes, thereby 
increasing or reducing relative rates of growth and reproduction. Changing climate 
and CO2 could also alter the intensity of biotic interactions by increasing or reduc-
ing overall resource availability (physiological stress). In this section, we review 
some examples of biotic interactions that are important for structuring vegetation 
communities and how they might be infl uenced by elevated CO2 and changing 
climate. We also describe potential ways that biotic interactions may mediate 
vegetation responses to changing climate and CO2.

Mutualisms—Pollination and Mycorrhizal Associations
Although many tree and shrub species in the Pacifi c Northwest are wind pollinated, 
other plants rely on insects or birds for pollination, exchanging nectar or pollen for 
pollen transport. This mutually benefi cial arrangement requires close synchroniza-
tion of phenology between plants and pollinators, so that pollinators are present 
and actively seeking rewards while the plants are fl owering (Hegland et al. 2009, 
Rathcke and Lacey 1985). It can also promote synchrony or asynchrony in fl ower-
ing among plant species; synchronous fl owering can be benefi cial for attracting 
pollinators, while asynchronous fl owering can reduce competition for pollinator 
service and cross-pollination problems (Hegland et al. 2009, Rathcke and Lacey 
1985). 

Phenological synchrony between plants and their pollinators could be disrupted 
if plants and pollinators respond differently to changing environmental cues 
(Hegland et al. 2009, Memmott et al. 2007, Parmesan 2007). This could alter plant 
species fi tness by increasing or reducing cofl owering and competition for pollina-
tors (Forrest et al. 2010, Forrest and Thomson 2011). Pollination mutualisms could 
also be altered by species migrations, either the arrival of a new potential pollinator, 
or the loss of a current pollinator. On the other hand, pollinators may be suffi ciently 
fl exible in their responses to environmental cues that they could modify their 
behavior to track changes in plant phenology; if so, the plant-pollinator mutualism 
would be modifying species responses to climate change.

Many plants also rely on mutualistic relationships with insects, birds, and 
animals for seed dispersal. As with fl owering phenology, the success and timing 
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of seed and fruit ripening is often related to climate (Rathcke and Lacey 1985). 
Synchrony of seed and fruit ripening could benefi t co-occurring species by attract-
ing animal dispersers, while competition for animal dispersers could promote 
asynchrony in seed and fruit ripening (Rathcke and Lacey 1985). Elevated CO2 
and changing climate could alter plant resource allocation to fruit and seed produc-
tion, the timing of ripening and dispersal, and levels of synchrony in fruit and seed 
production within plant communities. As with pollination, potential dispersers 
might be suffi ciently dependent on fruit rewards to track changes in the timing of 
fruit availability, thereby reducing climate change impacts on vegetation. 

Mycorrhizal associations are another common and important mutualism that 
could be infl uenced by elevated CO2 and changing climate in ways that alter plant 
performance and ecosystem functioning. Plants provide carbon compounds to 
mycorrhizal fungi in return for enhanced water and nutrient uptake (McCormack 
et al. 2010). Soil fungi provide a sink for carbon fi xed through photosynthesis and 
could therefore be important for helping plants maintain high carbon uptake rates 
under elevated CO2 (McCormack et al. 2010). Stimulation of plant carbon uptake 
and productivity could also be enhanced if the additional carbon provided to mycor-
rhizal fungi increases nutrient and water uptake and delivery to the plant.

Facilitation
Positive interactions (facilitation) among plant species have received increased 
attention in recent years (Callaway 1995, Brooker et al. 2008). Positive interactions 
are particularly important for initial plant establishment, after which competition for 
limiting resources often (but not always) becomes more dominant among mature 
plants. Positive interactions can occur in all vegetation types but appear to be most 
important in stressful environments, like alpine, semiarid, and arid ecosystems 
(Callaway 1995, Callaway et al. 2002). Elevated CO2 and changing climate are 
likely to alter positive interactions among plants primarily by increasing or reduc-
ing their importance (making them more or less benefi cial). In some cases, however, 
disturbances, species migrations, or local extinctions, could add or remove benefac-
tor or benefi ciary species, with potentially large impacts on vegetation structure and 
ecosystem functioning.

Large trees and shrubs can facilitate establishment and persistence of under-
story plants (and tree seedlings) by modifying understory microclimate and soil 
resource availability (McPherson 1997, Scholes and Archer 1997). Shading from 
overstory trees can reduce temperatures and evaporative demand in understory 
plants (McPherson 1997), while soils under tree canopies can accumulate nutrients 
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and provide greater nutrient availability to plants through more rapid litter decom-
position and nutrient cycling (Reich et al. 2001, Scholes and Archer 1997). Subal-
pine conifers can reduce snowpack duration and increase growing season length, 
thereby facilitating establishment of understory plants and tree seedlings (Brooke 
et al. 1970), or can increase local soil moisture by altering windfl ow patterns and 
enhancing local snow deposition (Holtmeier and Broll 1992). 

In the Great Basin of North America, sagebrush (Artemisia tridentatea (Nutt.) 
can increase near-surface soil water availability by transporting water from deeper, 
moister soils at night via “hydraulic lift,” thereby increasing water (and perhaps 
nutrient) availability to neighboring plants (Caldwell and Richards 1989, Caldwell 
et al. 1998, Richards and Caldwell 1987). Griffi th (2010) found that higher soil 
fertility and less extreme microclimates under two Great Basin shrubs, big sage-
brush (A. tridentatea) and bitterbrush (Purshia tridentatea (Pursh) DC.), promoted 
higher densities and growth rates of an invasive annual grass, cheatgrass (Bromus 
tectorum L.). 

Trees and shrubs can also facilitate woody plant invasions of grasslands 
indirectly by suppressing or eliminating potential competitors (Rice et al. 2012). 
Although overstory tree and shrub canopies can facilitate initial understory 
establishment, relationships between understory and overstory plants can turn 
competitive if light becomes the dominant factor limiting growth and survival. In 
a changing climate, however, overstory modifi cation of understory microclimate 
could become increasingly important for facilitating establishment and main-
taining populations.

Plants can also facilitate establishment and persistence of other plants through 
their effects on soil nutrient availability and acquisition (Callaway 1995). Nitrogen 
fi xation by legumes and nonleguminous shrubs can increase soil nutrient avail-
ability, which can facilitate establishment and persistence of species that might 
otherwise be excluded by low nutrient availability. Because nitrogen-fi xing species 
benefi t from elevated CO2, such interactions could become more important in 
the future. Plants may facilitate the establishment of new individuals of the same 
species or of other species by maintaining local populations of compatible mycor-
rhizal fungi, thereby promoting rapid colonization of seedling roots and associated 
benefi ts for water and nutrient uptake (Amaranthus and Perry 1989, Dickie et al. 
2005).

Competition
Competition for light, water, and nutrients is an important process driving vegeta-
tion structure and composition (Connell and Slatyer 1977, Tilman 1982). Competi-
tion occurs within and among species and is often density dependent. Plants can 
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avoid direct competition for limiting resources by partitioning resource usage 
in time (e.g., different growth phenologies) or space (“fi rst come, fi rst served”). 
Theory suggests that many different species can coexist, despite competition, by 
varying their relative resource usage or if disturbances are frequent enough to 
prevent competitive exclusion (Grubb 1977, Tilman 1982). 

Changing climate and atmospheric CO2 concentrations could alter the intensity 
of competitive interactions among plants and the relative advantage of competing 
species by altering plant resource availability, rates of resource consumption, or 
relative demand for resources. Increasing atmospheric CO2 levels make CO2 more 
available to plants, alter demand for soil water resources, and potentially alter soil 
nutrient availability (see “Ecosystem Responses” section below); such changes 
could be more benefi cial for some species than for others, thereby altering the 
competitive balance. Changes in temperature and precipitation alter soil water 
availability and potential evapotranspiration (demand for soil water), thereby alter-
ing water-related stress and potentially altering competition intensity (Maestre et al. 
2009, and references therein). Changes in plant density could also alter competition 
intensity, while climate-mediated invasions of new species or extirpation of existing 
species could alter plant community composition and the relative demand for differ-
ent resources (similar to changes in resource availability). 

Demonstrating the effects of changing climate and CO2 on vegetation composi-
tion and structure via competitive interactions is diffi cult. Many factors contribute 
to changes in vegetation structure and composition in natural vegetation (e.g., 
disturbances and factors regulating successful regeneration), making it diffi cult to 
determine proximate causes for change. Experimental approaches are better able to 
isolate causes but typically require limiting the number of species and environmen-
tal conditions. In a synthesis study of recent vegetation changes in arctic and alpine 
tundra, Elmendorf et al. (2012) reported increases in plant height, litter abundance, 
and evergreen shrub abundance, and reductions in bare soil, apparently in response 
to recent warming. Such changes are expected to increase the future importance of 
competition in these systems, particularly during plant establishment (Klanderud 
2010). In experimental studies, Suttle et al. (2007) found that supplementing natural 
precipitation in winter and spring in California grasslands produced signifi cant 
changes in plant community composition, while Niu and Wan (2008) found that 
warming temperatures altered the competitive hierarchies of grasses and forbs in 
temperate steppe vegetation of northern China. A comparison of warming and CO2 
enrichment effects on short-grass steppe vegetation found that warming favored C4 
grasses while elevated CO2 favored C3 grasses (Morgan et al. 2011); elevated CO2 
had little effect on total species richness but increased shrub cover 20-fold (Morgan 
et al. 2007).
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Herbivory
Elevated CO2 and changing climate could affect herbivore interactions and their 
impacts on vegetation by increasing or reducing synchrony in herbivore activity and 
plant availability, altering herbivore abundance or feeding behavior, and altering 
plant nutritional value. Plants and insect herbivores can both alter the timing of their 
growth stages based on environmental cues, but the cues used are not necessarily 
identical (Rathcke and Lacey 1985). Differing phenological responses to changing 
temperature and precipitation patterns could therefore alter plant-herbivore and 
insect-host interactions by increasing or reducing synchrony in life stage develop-
ment (Harrington et al. 1999, Liu et al. 2011, Parmesan 2007). Inouye et al. (2000) 
observed a changing relationship over 25 years between snowmelt and fl ower-
ing in alpine meadows (which was variable, but stable) and progressively earlier 
emergence of yellow-bellied marmots (Marmota fl aviventris), apparently caused 
by warming air temperatures, which produced progressively longer periods of food 
shortages for the marmots prior to snowmelt. 

Changing climatic conditions could alter herbivore communities through 
migrations or changes in predator activity (Tylianakis et al. 2008). Organisms at 
higher trophic levels are expected to respond more readily than vegetation to chang-
ing environmental conditions (mobility being the key), so migration responses could 
alter the species composition and abundance of herbivores and their predators, with 
uncertain effects on herbivory. Changes in winter snowpack depth and duration 
could alter migration patterns and winter feeding behavior by deer and other large 
herbivores, with potential impacts on vegetation structure and composition and 
herbivore performance.

Elevated CO2 could also alter herbivore communities and herbivore perfor-
mance through its effects on plant productivity and tissue chemistry (Robinson 
et al. 2012, Zvereva and Kozlov 2006). Numerous studies have reported effects of 
elevated CO2 on plant tissue chemistry that could reduce palatability for herbivores, 
including increased concentrations of nonstructural carbohydrates and phenolics, 
reduced nitrogen concentrations, higher carbon/nitrogen ratios, and increased 
tissue toughness (Lincoln et al. 1993, Lindroth 2010, Robinson et al. 2012, Zvereva 
and Kozlov 2006). These changes in plant tissue chemistry under elevated CO2 
can reduce insect herbivore performance (Peñuelas and Estiarte 1998, Stiling and 
Cornelissen 2007, Zvereva and Kozlov 2006) and alter arthropod community com-
position (Hamilton et al. 2012). However, the detrimental effects of elevated CO2 
on herbivores via changes in plant tissue chemistry may be partially or fully offset 
when combined with warming temperatures, as warmer temperatures may alter net 
plant production of and demand for carbohydrates (Zvereva and Kozlov 2006). 
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Community Responses
Plant community responses to elevated CO2 and climate change refl ect the sum of 
individual species responses, including changes in seed production and dispersal, 
establishment success, physiological tolerances of altered environmental condi-
tions, and biotic interactions. Paleoecological studies suggest that species will 
respond individually to changing environmental conditions (Davis 1981, Jackson 
and Overpeck 2000). Some common plant associations may persist, whereas others 
disappear and are replaced by novel associations (Jackson and Overpeck 2000). As 
previous sections in this chapter have shown, interactions among plant physiologi-
cal responses to changing CO2 and temperature and biotic interactions can create a 
wide range of outcomes for plant communities.

Most examples of plant community responses to changing climate involve 
invasion of communities by new species and associated changes owing to altered 
resource availability and biotic interactions (Breshears et al. 2008, Elmendorf et al. 
2012, Kelly and Goulden 2008, Walther et al. 2005). Community changes have also 
been documented in response to increased dominance of woody species in response 
to elevated CO2 (Morgan et al. 2007) or changing disturbance regimes (Briggs et al. 
2005). Extirpation of a dominant species can also produce signifi cant community 
changes (Allen and Breshears 1998, Mueller et al. 2005), though stabilizing pro-
cesses within communities may limit long-term community responses to extreme 
events (Kreyling et al. 2008, Lloret et al. 2012). 

Community responses will also refl ect responses of organisms at higher trophic 
levels (Walther 2010). These organisms may respond directly to changing climate 
and associated environmental stressors, or they may respond to climate- or CO2-
mediated changes in plant communities. Changes in pollinator, herbivore, and 
predator communities can also produce changes in plant communities through 
changes in reproduction, establishment, biomass loss, and mortality. 

Ecosystem Responses
Changing climate and increasing CO2 concentrations have important implications 
for ecosystem structure and function. Climate change and elevated CO2 have the 
potential to alter ecosystem carbon uptake and storage, nutrient cycling rates, and 
feedbacks among carbon uptake, nutrient cycling, and vegetation structure and 
composition. In this section, we highlight some key fi ndings regarding ecosystem 
responses to elevated CO2 and changing climate.

Carbon uptake and storage is an important issue, as terrestrial ecosystems may 
be able to partially mitigate anthropogenic carbon emissions and their effects on 
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climate by fi xing atmospheric carbon and storing it in aboveground or belowground 
biomass, in coarse woody debris, or in soil organic matter. These different carbon 
pools provide different mean residence times for carbon and interact differently 
with environmental changes and disturbances (Norby and Zak 2011). Carbon uptake 
also provides energy for biological processes, including decomposition of organic 
matter and release of mineral nutrients, which leads to feedbacks between carbon 
uptake and nutrient availability.

Productivity and Nutrient Cycling
Experimental studies have shown that elevated CO2, warming temperatures, and 
increasing precipitation can all increase plant growth and net primary production 
across a wide range of terrestrial ecosystems (Dieleman et al. 2012, Hyvönen et 
al. 2007, Norby and Zak 2011, Wu et al. 2011, Zak et al. 2011), although combined 
effects are not always additive (Dieleman et al. 2012, Wu et al. 2011). On average, 
elevated CO2 and warming temperatures increase biomass production alone and in 
combination, but elevated CO2 stimulated fi ne root biomass production more than 
aboveground biomass production (Dieleman et al. 2012, Norby and Zak 2011, Wu 
et al. 2011). In a young aspen (Populus tremuloides Michx.) forest, elevated CO2 
increased net primary productivity by 26 percent (Zak et al. 2011). The mechanisms 
by which productivity is enhanced (and sustained) are still unclear, however, and 
appear to involve not only the direct effects of CO2, temperature, and water avail-
ability (and their interactions) on photosynthesis, respiration, and growth, but also 
indirect effects on nutrient cycling and nitrogen availability (Felzer et al. 2011).

Productivity gains under elevated CO2 can decline over time on nutrient-limited 
sites as sequestration of nitrogen in long-lived plant biomass and soil organic matter 
progressively limits nitrogen availability (de Graaff et al. 2006, Luo et al. 2004, 
Reich et al. 2006a). Evidence for this progressive nitrogen limitation comes from 
long-term free-air CO2 enrichment (FACE) studies with fertilization treatments in 
tallgrass prairie (Reich et al. 2006a) and sweetgum (Liquidambar styracifl ua L.) 
forest (Norby et al. 2010), but not loblolly pine forest (McCarthy et al. 2010). Norby 
et al. (2010) noted that reduced forest productivity over time owing to progressive 
nitrogen limitation is common as forest biomass increases with stand age, but that 
elevated CO2 appears to accelerate the process. Progressive nitrogen limitation on 
productivity can be delayed or avoided only if nitrogen inputs through fi xation or 
atmospheric deposition equal or exceed rates of nitrogen sequestration in biomass, 
litter, and soils. 

Recent results from long-term FACE studies suggest that several feedback pro-
cesses may work to reduce or reverse the effects of progressive nitrogen limitation 
on productivity. Schleppi et al. (2012) attributed elevated nitrifi cation rates and high 
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levels of soil nitrate availability under trees subjected to elevated CO2 to higher 
soil moisture levels produced by reduced evapotranspiration. Recent studies have 
concluded that observed reductions in soil carbon and increased nitrogen availabil-
ity could be the result of root “priming,” in which trees export carbon to soil biota 
through the root system, thereby stimulating soil organic matter decomposition by 
fungi and bacteria, and subsequent release of mineral nutrients bound up in that 
organic matter (Drake et al. 2011, Phillips et al. 2012, Schleppi et al. 2012, Zak et al. 
2011). 

Soil temperatures infl uence organic matter decomposition processes and the 
cycling of nitrogen and other important nutrients, which can feed back on plant 
growth and productivity (Berbeco et al. 2012, Felzer et al. 2011, Harmon et al. 1986, 
Melillo et al. 2011, Rustad et al. 2001). Warming temperatures typically stimulate 
biological activity and may signifi cantly increase rates of soil organic matter 
decomposition in temperate forests (Berbeco et al. 2012, Saxe et al. 2001). Warming 
soils can also increase rates of nitrogen mineralization and nitrifi cation, making 
more nitrogen available for uptake by plants (Butler et al. 2012, Melillo et al. 2011, 
Rustad et al. 2001, Van Cleve et al. 1990). Understanding the potential for increased 
nitrogen availability is important, as nitrogen is an important plant nutrient that 
often limits growth in forested ecosystems (Vitousek et al. 1997). Temperature 
effects on soil organic matter decomposition and nutrient cycling are likely to 
vary considerably, however, with soil fertility and vegetation composition, as these 
infl uence litter quality and the potential for immobilization of nutrients in microbial 
biomass.

The stimulatory effect of warming temperatures on organic matter decom-
position and nutrient cycling is likely to be limited by precipitation and soil water 
availability, however (Felzer et al. 2011, Harmon et al. 1986, Saxe et al. 2001). 
Decomposition of coarse woody debris varies with wood moisture content, as water 
becomes unavailable to microbes below 30 percent water content, while very high 
moisture contents create anaerobic conditions (Harmon et al. 1986). Similarly, 
spatial and temporal variability in precipitation and soil moisture infl uence soil 
respiration rates in seasonally dry biomes like savannas and shrublands (Norton et 
al. 2011, Raich et al. 2002). Low soil moisture can also limit nitrogen mineralization 
and availability (Felzer et al. 2011, McFarlane et al. 2010).

Finally, changes in plant communities could also alter soil environments, soil 
biota, nutrient cycling processes, and soil nutrient availability, with potential effects 
on net primary productivity. Tree invasions into shrub-steppe of the Great Basin 
have altered the spatial distribution of soil carbon and nutrients (Klemmedson 
and Tiedemann 2000, Rau et al. 2011b), while tree removal in Texas caused a slow 
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reversal of tree effects on soils (Tiedemann and Klemmedson 1986a, 1986b). Simi-
larly, experimental fi eld studies have shown that grassland species can signifi cantly 
alter nitrogen cycling rates (Craine et al. 2002, Wedin and Tilman 1990) and the 
amount and vertical distribution of soil carbon and nitrogen (Rau et al. 2011a).

Carbon Storage
Storing carbon in forests has been proposed as a strategy for mitigating increasing 
atmospheric CO2 concentrations and their effects on current and future climate 
(Malmsheimer et al. 2008, McKinley et al. 2011). Through increased net primary 
production and ecosystem carbon exchange, anthropogenic carbon emissions could 
be partially offset by carbon uptake and long-term storage in terrestrial ecosystems, 
particularly in trees and shrubs (perennial woody tissue) and soils. It is estimated 
that extensive afforestation efforts and active management following disturbances 
could allow increased forest carbon storage to offset 10 to 20 percent of anthropo-
genic carbon emissions in the United States (McKinley et al. 2011). 

Disturbance regimes (and their responses to changing climate) will be impor-
tant for determining whether woody plant biomass can store atmospheric carbon 
effectively (McKinley et al. 2011), particularly in aboveground biomass. Large-scale 
insect outbreaks (Kurz et al. 2008), fi res (Kashian et al. 2006, Westerling et al. 
2006), or drought-mediated mortality (van Mantgem et al. 2009) could convert 
forests from carbon sinks to carbon sources, at least in the short term. If regenera-
tion and growth eventually returns forests to their former condition (e.g., biomass, 
coarse woody debris, and soil carbon), the long-term effect on carbon storage 
is neutral (Hyvönen et al. 2007, Kashian et al. 2006). However, if disturbances 
convert forests to stable savannas, grasslands, or shrublands, the long-term effect 
on carbon storage is likely to be negative (Kashian et al. 2006).

Soils store signifi cant amounts of carbon for long periods of time and hold the 
majority of terrestrial carbon stocks. Carbon enters the soil in the form of woody 
debris (e.g., branches and roots), plant litter (e.g., leaves and fi ne roots), dead algal 
or bacterial cells, and root exudates (Kilham 1994). Residence times are short 
for many types of soil carbon, as physical processes and soil biota cause rapid 
decomposition, but other soil organic carbon stocks are much more stable and could 
provide long-term storage of carbon (Norby and Zak 2011). Soil warming has been 
shown to increase biological activity; soil respiration; and decomposition rates of 
litter, fi ne woody debris, and other (unspecifi ed) forms of soil carbon (Berbeco et 
al. 2012, Dieleman et al. 2012, Hyvönen et al. 2007, Melillo et al. 2011, Rustad et al. 
2001, Zak et al. 2011), thereby offsetting or reversing increased carbon inputs from 
increased net primary production.
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Until recently, there was general belief that effects of elevated CO2 on litter 
chemistry would offset or reverse warming effects on decomposition and soil 
carbon storage in forests by increasing carbon inputs, reducing nitrogen concentra-
tions (increasing carbon:nitrogen ratios) and increasing concentrations of secondary 
compounds in litter. Recently, however, results from long-term experiments with 
elevated CO2 suggest that elevated CO2 could actually accelerate decomposition 
of soil organic matter and reduce soil carbon storage (Cheng et al. 2012, Drake 
et al. 2011, Kowalchuk 2012, Phillips et al. 2012, Schleppi et al. 2012, Zak et al. 
2011). Unfortunately, it is unclear how these results, derived primarily from experi-
ments in temperate deciduous forests, translate to western coniferous forests and 
rangelands with signifi cant seasonal water limitations that can infl uence soil carbon 
turnover (Norton et al. 2011). 

Invasive Species
Invasive plants are introduced nonnative, exotic, or nonindigenous species that 
potentially can become successfully established or naturalized, and that spread 
into new localized natural habitats or ecoregions and potentially cause eco-
nomic or environmental harm (Lodge et al. 2006). Familiar examples include 
the shrub scotch broom (Cytisus scoparius L. Link) and the exotic annual grass 
cheatgrass (Bromus tectorum). Some native species like juniper (Juniperus spp.) 
have expanded their range in recent decades and are treated as invasive in certain 
ecosystems (Miller and Wigand 1994, Miller et al. 2005). This document only 
considers nonnative invasive plants, but we note that climate change could cause 
additional native plants to exhibit invasive behavior; indeed, many would have to 
do so to migrate at currently projected rates. 

There is considerable evidence that future climate change will further increase 
the likelihood of invasion of forests and rangelands and the consequences of those 
invasions, largely because of the potential for increased ecosystem disturbance (e.g., 
wildfi re, landslides), the impact of warming on species distributions, the enhanced 
competitiveness of invasive plants as a result of elevated CO2, and increased stress 
to native species and ecosystems (Dukes and Mooney 1999, Pauchard et al. 2009, 
Ziska and Dukes 2011). Pauchard et al. (2009) noted that high levels of natural 
disturbance in alpine systems (e.g., landslides) are forecast to increase in frequency 
and extent owing to climate change. Numerous studies have documented the posi-
tive relationship between fi re and the spread of invasive plants (D’Antonio et al. 
2000, Kerns et al. 2006, Keeley and McGinnis 2007). Postdisturbance invasion may 
be particularly problematic in areas adjacent to seed sources.
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With warming temperatures, the upper elevational and latitudinal limit of many 
invasive plants may expand. For example, the current distribution of cheatgrass 
is limited by soil temperature at the higher elevations and soil moisture at lower 
elevations (Chambers 2007). Theoretically, as the soil temperature regime warms 
at higher elevation and the soil moisture regime dries in the lower elevation, 
cheatgrass could shift upward in elevation assuming no signifi cant change in the 
precipitation regime. Recent evidence suggests that invasive plants may be better 
able to adjust to rapid changes in abiotic conditions by tracking seasonal tempera-
ture trends and shifting their phenologies (e.g., earlier spring warming) (Willis et al. 
2010). Invasives might also be able to migrate more rapidly than most native species 
owing to the rapid dispersal ability and genetic fl exibility that allowed them to 
become invasives in the fi rst place. 

Increases in productivity in response to elevated CO2 have also been docu-
mented for many invasive plant species including cheatgrass, Canada thistle 
(Cirsium vulgare (Savi) Ten.), spotted knapweed (Centaurea stoebe L.), yellow 
star-thistle (Centraurea solstitialis L.), and kudzu (Pueraria montana (Lour.) Merr.) 
(Dukes et al. 2011, Ziska and Dukes 2011). However, plant species response to CO2 
enrichment is less predictable when they are grown in diverse communities and 
in the fi eld (Dukes and Mooney 1999, Ziska and Dukes 2011) and actual response 
to CO2 enrichment may be limited by other nutrient constraints and water avail-
ability. The expansion of cheatgrass into salt desert shrub areas, which generally 
occur in areas of lower precipitation than sagebrush-steppe ecosystems (Jessop and 
Anderson 2007), may suggest that improved water-use effi ciency (e.g., as a result of 
elevated CO2 concentrations) is allowing cheatgrass to expand into areas previously 
considered too dry.

Species performance such as growth, phenology, and productivity may also 
change in novel conditions (Willis et al. 2010). The ability of the native plant com-
munity to resist an invasion may also change in the future. For example, invasive 
plants may be exposed to above- and belowground biotic interactions different from 
those in their current range, and “enemy-release” may occur (Engelkes et al. 2008). 
Climate change will also alter numerous aspects of propagule supply. Most invasive 
species reach new regions by purposeful or accidental human-aided transport 
(tourism, commerce). Human population (urban, visitation) is positively correlated 
to plant invasions (Eschtruth and Battles 2009, Lonsdale 1999). Atmospheric pat-
terns (hurricanes, wind patterns) that transfer seeds will also change in the future. 
Climate change may also result in increased management actions that cause new 
disturbances (e.g., biofuel production, thinning).
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Chapter 4: Vegetation Sensitivity 
to Changing Disturbance Regimes

Disturbances are a major driver of vegetation change, as they kill or damage mature 
vegetation and release resources that can be used by newly established individu-
als. Disturbances typically alter vegetation structure, which can alter understory 
environments, particularly in forests. Disturbances produce compositional changes 
in vegetation if new species replace those killed by disturbance. They can also 
facilitate genetic shifts within existing populations or alter the relative abundance 
of existing species. Some of the most common and infl uential disturbance types in 
the Pacifi c Northwest are also infl uenced by climate and climatic changes in some 
way. We therefore also discuss the effects of past and future climatic changes on 
stress-related mortality, fi re, and insect and disease outbreaks as indirect conduits 
for exposing vegetation to environmental changes. 

Intact plant communities are often diffi cult for new species to invade. Resource 
niches are partially or completely fi lled, limiting potential invaders to those that can 
tolerate lower resource availability (for at least one resource) than established spe-
cies (Tilman 1982, 2004) or to periods of additional resource availability (Davis et 
al. 2000). Seed deposition from local populations is typically much more abundant 
than that from distant populations, giving local species an advantage in claiming 
open growing space and available resources. Mature trees and shrubs are able to 
buffer themselves (and sometimes their neighbors) against climatic variability and 
resource limitations, thereby reducing climate-related stress. Long-lived woody 
species can persist as relict populations for hundreds of years and maintain the 
potential to regenerate during occasional periods of favorable climate (Hampe and 
Jump 2011). 

Climate-driven vegetation mortality is expected to be an important driver of 
vegetation changes in response to changing climate. In severe cases, climate-driven 
vegetation mortality may directly alter vegetation by causing local extinction of one 
or more species (on the “trailing edge”). Plant mortality can also facilitate new spe-
cies colonization and changes in relative abundance of previously present species by 
opening up physical growing space, reducing competition for critical soil resources, 
reducing local seed abundance, and altering site microclimate. In this chapter, we 
briefl y review three major sources of climate-driven vegetation mortality—physi-
ological stress, fi re, and insects and diseases—and their interactions, and how each 
may be affected by a changing climate.

Physiological Stress—Drought 
Climatic variability and change can kill plants by inducing stress beyond the 
tolerances of individual plants, either in terms of intensity or duration (Allen et al. 
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2010). The most common physiological stress for Pacifi c Northwest vegetation is 
probably low soil water availability (drought), though low temperatures and late 
snowmelt can also produce signifi cant physiological stress in subalpine, alpine, and 
boreal ecosystems. Future warming is likely to increase the frequency and severity 
of plant drought stress, while potentially reducing stress from extreme cold or short 
growing seasons at high elevations. 

Drought is a common physiological stress that limits establishment and produc-
tivity at lower and middle elevations throughout much of western North America. 
Physiological stress from drought can be amplifi ed by high temperatures, reducing 
the time required for drought-induced mortality (Adams et al. 2009). Episodes 
of widespread drought-induced mortality have been reported for ponderosa pine 
(Pinus ponderosa Lawson and C. Lawson) and pinyon pine (P. edulis Engelm.) 
in the Southwestern United States (Adams et al. 2009; Allen and Breshears 1998; 
Breshears et al. 2005, 2009; Koepke et al. 2010) and for aspen (Populus tremuloides 
Michx.) in western Canada (Hogg et al. 2008). Increased drought stress due to 
warmer temperatures has also been implicated in observed increases in mortality 
throughout forests of western North America (Ganey and Vojta 2011, 
van Mantgem and Stephenson 2007, van Mantgem et al. 2009).

The proximate mechanisms causing tree mortality during drought can be 
diffi cult to determine, largely because there are often multiple contributing factors 
(Anderegg et al. 2012). Plants typically reduce stomatal conductance in response 
to drought—which can reduce net carbon uptake—and reduce growth (Anderegg 
2012). Droughts can produce extended periods of net carbon loss, particularly 
if maintenance respiration rates are high, and this can reduce resistance to bark 
beetles (Breshears et al. 2009, Ganey and Vojta 2011). Severe droughts can cause 
widespread tree mortality through reductions in nonstructural carbon reserves, 
cavitation and loss of hydraulic conductance, and increased susceptibility to insect 
outbreaks (Adams et al. 2009; Anderegg et al. 2012; Breshears et al. 2009; Frey et 
al. 2004; Hogg et al. 2008; Leuzinger et al. 2009; McDowell et al. 2008, 2011; Plaut 
et al. 2012).

Species differ in their tolerances of heat and drought stress, so stress-related 
mortality tends to favor some species over others and can produce signifi cant 
changes in vegetation structure and composition (Koepke et al. 2010, Mueller et al. 
2005). For example, mortality rates were considerably higher for pinyon pine than 
for its common associate, one-seeded juniper (Juniperus monosperma), during the 
2002–2003 drought in the Southwestern United States, leading to lower tree densi-
ties and increased overstory dominance by junipers (Koepke et al. 2010, Mueller et 
al. 2005). Furthermore, high rates of mortality and dieback for associated shrubs 



53

Climate Change Effects on Vegetation in the Pacifi c Northwest: A Review and Synthesis of the Scientifi c Literature

during the drought produced dramatic reductions in total woody canopy cover, 
allowing herbaceous understory populations to expand rapidly (Rich et al. 2008). 
Drought-related mortality could also alter vegetation structure by reducing plant 
density, perhaps reducing future demands on limited soil water (but see Ganey and 
Vojta 2011), and produce persistent shifts in biome boundaries (Allen and Breshears 
1998).

Warming temperatures under future climate change are likely to increase the 
frequency and severity of droughts throughout the Pacifi c Northwest, regardless 
of small changes in mean annual precipitation. We are not aware of any modern 
accounts of extensive tree mortality caused by drought stress in the Pacifi c North-
west (comparable to those recently reported for the Southwestern United States). If 
drought frequency and intensity increases in the future, however, we would expect 
to start seeing widespread regeneration failures and dieback or mortality episodes, 
along with insect outbreaks and fi re (see below). Although future droughts may be 
most obvious in the water-limited ecosystems of the interior Pacifi c Northwest and 
Siskiyou Mountains, species in those regions are also the best adapted to drought, 
so we should not expect drought-related mortality to be limited to those regions. 

Fire
Climate is an important factor infl uencing the spatial distribution of fi re regimes 
from landscape to global scales, including fi re frequency, intensity, seasonality, and 
size (Krawchuk et al. 2009). At a very basic level, climate controls the distribution 
and productivity of vegetation that provides fuel for wildfi res, excluding wildfi res 
from desert regions with little or no vegetation (Flannigan et al. 2009). Within 
vegetated regions, climatic controls on plant productivity partially infl uence fi re 
frequency and intensity by infl uencing rates of fuel accumulation. Climate also 
determines the timing and duration of the fi re season during which fi re can occur 
through its effects on fuel moisture, fi re weather, and ignitions. Finally, climate 
interacts with topography, soils, and land use to infl uence fi re extent. 

Within any given vegetation type and fi re regime, climatic variability infl u-
ences the occurrence and characteristics of individual fi re events and fi re-year 
characteristics (Taylor et al. 2008). Climatic variability at annual to decadal time 
scales can alter fi re season length, fuel characteristics (e.g., mean moisture levels), 
fi re weather, and ignition frequencies, thereby infl uencing fi re occurrence, fi re 
intensity, and area burned. Drought years are associated with large area burned 
and regionally synchronous fi re occurrences in forests of western North America 
(Brown 2006, Gedalof et al. 2005, Hessl et al. 2004, Littell et al. 2009, McKenzie 
et al. 2004, Trouet et al. 2010), as drought increases fuel fl ammability and enhances 
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fi re spread potential across diverse landscapes. Warm spring and summer tem-
peratures are also positively associated with fi re frequency, fi re duration, and area 
burned in these forests, as warm spring temperatures extend the fi re season length 
(providing more opportunity for ignitions) and warm summer temperatures favor 
more extreme fi re behavior and hinder fi re suppression efforts (Heyerdahl et al. 
2008, Taylor et al. 2008, Westerling et al. 2006). Climate infl uences fi re differently 
in dry western grasslands, however, where large fi res are commonly associated 
with drought years that follow multiple wet years during which plant productivity 
and fuel production are elevated (Littell et al. 2009). In both forests and grasslands, 
however, fi re frequency and area burned are related to fuel availability (amount and 
moisture content), fi re season length, and fi re weather, all of which are infl uenced 
by climate.

Wildfi re area burned in the Western United States varied considerably through 
the course of the 20th century, with decadal trends as well as considerable interan-
nual variability. Average area burned by wildfi res was generally high early in the 
century (around 1916–1930) before declining to low levels during the middle of the 
century (about 1950 to 1975) and then increasing again with a series of large fi re 
years in the last two to three decades (Littell et al. 2009). Although technological 
advances improved fi refi ghting effectiveness in the mid-20th century, several stud-
ies have concluded that climate played an important role in controlling area burned 
throughout the 20th century (Littell et al. 2009, McKenzie et al. 2004). An analysis 
of wildfi re area burned since 1970 in forests of the Western United States concluded 
that a trend toward increasing mean annual area burned was caused by higher 
spring and summer temperatures and earlier snowmelt that increased the duration 
of the fi re season, particularly in mid-elevation forests (Westerling et al. 2006).

Future climatic changes are likely to alter wildfi re regimes and wildfi re effects 
by altering fi re season length, fi re weather, fuel production, and vegetation structure 
and composition. Warmer spring and summer temperatures would lengthen the 
fi re season and increase fi re frequency in forests, particularly in temperate and 
high-elevation forests that currently support high- and mixed-severity fi re regimes 
(Westerling et al. 2006). Warming temperatures would also alter mean fi re weather 
conditions (and fuel moisture), producing higher potential fi re severity and larger 
fi re sizes in many areas where fi re weather is currently suboptimal for fi re spread. 
Over longer periods, climatic changes (and disturbances) could also modify vegeta-
tion structure and composition, providing a feedback on fi re frequency and severity 
(Westerling et al. 2006). 

In the short term, warming temperatures could increase the frequency and 
extent of large, high-severity wildfi res in Pacifi c Northwest forests (Krawchuk et 
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al. 2009). Mesic and dry-mesic forests that support high productivity and surface 
fuels could be a particular concern, but these forest types burn infrequently owing 
to high mean fuel moisture content and short fi re seasons. A warmer climate, with 
longer fi re seasons and lower fuel moisture could allow wildfi res to “mine” these 
fuels over one to several fi res, some of which are likely to be of high severity. 

Fire regime changes in semiarid shrublands and grasslands are less certain 
and could, in some cases, be quite different from those of forests. These vegeta-
tion types typically have long fi re seasons; however, fi re frequency and extent are 
limited by ignitions and fuel continuity. It is not clear what infl uence climate change 
might have on ignition frequency (e.g., lightning strikes, human activity). Climate 
change could alter vegetation productivity, fuel production, and fuel continuity by 
changing the amount and seasonality of precipitation inputs to soil moisture and 
rates of evapotranspiration. It is not clear if the net result would be increased or 
reduced fi re frequency, and results may be spatially variable. Cheatgrass (Bromus 
tectorum L.) and other annual exotic grasses have progressively invaded dry shrub-
lands throughout the Western United States in recent decades. These grasses have 
altered the fi re regime by increasing vegetation fl ammability and horizontal fuel 
continuity, which greatly increases the potential for fi re spread and larger wildfi res 
(Link et al. 2006). 

Insects and Diseases
Like fi re, insects and diseases facilitate changes in vegetation structure and compo-
sition by damaging or killing plants (especially dominant trees and shrubs), releas-
ing suppressed individuals and species, and creating opportunities for colonization 
by new species. Insects and plant diseases in western North American forests 
may kill individual trees within stands or more than 50 percent of the trees across 
large regions (Ganey and Vojta 2011, Raffa et al. 2008). Their long-term effects on 
vegetation structure and composition depend not only on spatial extent and percent-
age mortality within the disturbed area, but also on whether disturbance agents are 
affecting canopy dominants, older or younger individuals, suppressed individuals, 
or some combination of these (e.g., Klenner and Arsenault 2009). 

Climate is one of several factors infl uencing insect and disease disturbance 
regimes and the incidence of large disturbance events. Climate infl uences the geo-
graphic distribution, population dynamics, and disturbance effects of insects and 
diseases through (1) direct environmental infl uences on the development and sur-
vival of insects and disease organisms, (2) altered host susceptibility and defenses, 
and (3) indirect effects caused by environmental infl uences on biotic interactions 
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with predators (Ayres and Lombardero 2000, Garrett et al. 2006, Kliejunas et al. 
2009, Sturrock et al. 2011). 

Temperature is the dominant abiotic factor directly affecting herbivorous 
insects as it directly affects development, survival, range, and abundance (Bale 
et al. 2002). In particular, winter temperatures infl uence survival of herbivorous 
insects in temperate zones, while spring/summer temperatures infl uence insect life 
cycle duration, synchrony of insect life cycle stages with host plant phenology, and 
insect generation time (Bale et al. 2002). Climatic variability can also alter biotic 
interactions involving insects and diseases by altering the abundance of predators, 
parasites, mutualists, and competitors (Ayres and Lobardero 2000). Because of 
these effects, geographic distributions of insect species have changed in the past 
in response to climate change (Bale et al. 2002, and references therein).

Climate also infl uences insect and disease impacts indirectly by modifying 
vigor and defenses in host plants (Bentz et al. 2010, Raffa et al. 2008). Climatic 
variability can alter physiological stress levels and carbon fi xation in host plants, 
increasing or reducing their susceptibility to insect attacks and plant diseases. 
Woody plant mortality in response to heat and drought stress is often mediated by 
insects and diseases; trees weakened by prolonged drought stress have reduced 
defenses against the insect and disease attacks that eventually kill the tree (Allen 
et al. 2010, McDowell et al. 2011). For example, Ganey and Vojta (2011) reported 
that increased mortality in ponderosa pine and mixed-conifer forests during a 
period of severe drought was attributable to a suite of insects, mediated by drought. 
Similarly, extensive, rapid, mortality of aspen (Populus tremuloides Michx.) in 
Colorado during the same drought was attributed to insects and diseases that 
normally would have had limited impacts if drought had not predisposed the trees 
to mortality (Worrall et al. 2008).

Insect- and disease-caused mortality tends to be species specifi c, so large 
outbreaks can signifi cantly alter vegetation structure and composition in mixed-
species stands (Astrup et al. 2008). These outbreaks also open up growing space 
that could be colonized by new species, but seed source limitations and competition 
from residual vegetation can make colonization diffi cult (Astrup et al. 2008). Future 
vegetation is more likely to develop from residual vegetation and release of advance 
regeneration (trees and shrubs).

Future climatic changes—particularly temperature changes—are expected to 
signifi cantly alter insect and disease disturbance regimes in terrestrial ecosystems 
(Kliejunas et al. 2009). Projecting changes to insect and disease activity is diffi cult 
owing to the many potential interacting factors, but some effects of increasing 
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temperatures can be inferred with some certainty. For forests, insect and disease 
disturbances will probably increase, as the ability of the pathogens to adapt to new 
climatic conditions will be greater than that of their long-lived hosts (Kliejunas et 
al. 2009, Sturrock 2010). They will also be able to migrate to locations where cli-
mate is suitable for their survival and reproduction at a faster rate than tree species 
(Logan et al. 2003). 

Warming temperatures could increase the potential for insect and disease 
outbreaks, particularly as a transient response in temperate and boreal zones where 
pathogen activity has been limited by suboptimal temperatures (Bentz et al. 2010). 
For example, widespread dieback and mortality of thinleaf alder (Alnus incana (L.) 
Moench ssp. tenuifolia (Nutt.) Breitung) in the southern Rocky Mountains has been 
attributed to an epidemic of cytospora canker (Valsa melanodiscus), which may 
be related to increasing summer temperatures (Worrall et al. 2010). Higher warm-
season temperatures should also increase growth rates for most temperate insect 
herbivores, though the rate of increase will vary by species (Bale et al. 2002). For 
some species, faster growth rates and reduced development time could enhance 
juvenile survivorship by reducing predation rates during the larval and nymphal 
feeding stages (Bernays 1997, cited by Bale et al. 2002). Increased growth rates 
could reduce generation times for some species, which could signifi cantly increase 
population growth rates (Bale et al. 2002, Mitton and Ferrenberg 2012). Increasing 
population success increases the potential for insect outbreaks to develop, though 
outbreaks can be limited by host and predator constraints as well (Bale et al. 2002, 
Boone et al. 2011). Warmer temperatures could also increase host stress levels and 
the ability to defend against insect attacks (Boone et al. 2011).

Increasing temperatures could also facilitate migration of insects and diseases 
toward higher elevations and latitudes (Bale et al. 2002, Bentz et al. 2010). Higher 
cold-season temperatures could reduce overwinter mortality in bark beetle popula-
tions (Bentz et al. 2010). Similarly, species ranges could contract at lower elevations 
and latitudes if warm-season temperatures exceed tolerance levels during the 
juvenile (or other) growth stages (Bale et al. 2002).

Although much attention has been paid to insect and disease responses to 
increasing temperatures, those responses may be altered by the indirect effects of 
increasing atmospheric carbon dioxide (CO2) concentrations. Higher CO2 levels 
could reduce insect impacts by increasing carbon availability for defenses and 
reducing substrate quality in host plants (Stiling and Cornelissen 2007); however, 
the inhibitory effects of increasing CO2 concentrations may be offset by the stimu-
latory effects of warmer temperatures on insect activity (Zvereva and Kozlov 2006).

For forests, insect and 
disease disturbances 
will probably increase, 
as the ability of the 
pathogens to adapt to 
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will be greater than 
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Disturbance Interactions
In addition to their primary effects on vegetation, disturbance agents can interact, 
thus increasing or reducing vegetation susceptibility to other disturbance agents. 
The links from drought, to insects, to fi re is a clear example of interacting disturb-
ances. Windthrow and diseases can also increase risks from insects or fi re, and 
vice versa.

Perhaps the most common interaction among disturbance agents in western 
forests involves drought stress and insects, particularly bark beetles. Episodes 
of widespread mortality of ponderosa pine and pinyon pine in the Southwestern 
United States has been attributed to beetles killing trees weakened by extended 
regional droughts (Allen and Breshears 1998; Breshears et al. 2005, 2009; Ganey 
and Vojta 2011; Plaut et al. 2012). The proposed mechanism for this interaction is 
that prolonged drought reduces photosynthesis and shifts carbon utilization from 
growth and plant defenses to support basic plant functions (respiration), reducing 
the ability of trees to fend off insect attacks (Breshears et al. 2009). Similarly, 
extensive mortality of aspen in southwestern Colorado has been attributed to high 
temperatures and drought that allowed secondary insect and disease agents to kill 
trees (Worrall et al. 2008).

Fire can interact with a variety of other disturbance agents, including drought, 
insects, diseases, and windthrow. Mortality from drought, windthrow, avalanches, 
or insects can increase fi re risks (potential fi re intensity, severity, and size) by initi-
ating a process of fuel succession that increases surface fuels over time (Bigler et al. 
2005, Hicke et al. 2012, Simard et al. 2011). Crown fi re risks may decline, however, 
if tree mortality reduces overstory canopy densities (Simard et al. 2011). Fire can 
also set the stage for further overstory tree mortality by attracting bark beetles that 
attack trees weakened by crown scorch or basal heating (Dale et al. 2001).

Climate change effects on disturbances and their interactions are important not 
only for their immediate effects on vegetation, but also for their potential feedbacks 
on atmospheric CO2 concentrations and climate. Widespread disturbances can con-
vert forests from net carbon sinks to carbon sources, further increasing atmospheric 
CO2 concentrations and potential for climatic changes (Ayers and Lombardero 
2000, Edburg et al. 2012, Kurz et al. 2008). 
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Chapter 5: Vegetation Adaptation 
to Changing Climate and CO2

Vegetation can adapt to changing climate and local environmental conditions 
in various ways, thereby avoiding mortality (individual level), local extirpation 
(population level), or extinction (species level). 

 Individual plants can respond to persistent changes in their environment 
through phenotypic plasticity (the ability to alter their physiology), morphol-
ogy, and reproduction to improve their performance (growth and reproduction) 
and survival.

 Plant populations can adapt to changing climate by altering their genetic 
makeup through reproduction and natural selection, improving their ability 
to grow and persist at a particular location. 

 Species can adapt to changing climate through migration, which can allow 
new populations to establish in areas with suitable environmental conditions 
while other populations are extirpated from areas where environmental condi-
tions are no longer suitable for establishment and persistence.

In this chapter, we review three broad types of vegetation adaptation to chang-
ing environmental conditions: (1) phenotypic plasticity, (2) local adaptation through 
natural selection, and (3) migration. All are likely to be important in infl uencing 
the rate and magnitude of vegetation responses to changing carbon dioxide (CO2) 
and climate. The relative importance of these adaptation strategies is likely to differ 
among species and sites and with the rate and magnitude of climate change. 

Phenotypic Plasticity
Plants experience a great deal of environmental variability during their lifetimes at 
varying temporal scales. Incoming radiation changes over short periods within a 
day owing to changing cloud cover or sunfl eck movement, daily and seasonally in 
response to Earth’s rotation and orbital position, and from year to year in response 
to climatic variability and its effects on cloud cover. Temperatures, precipitation, 
and soil moisture availability all vary daily, seasonally, and from year to year. As 
sessile organisms, plants must tolerate or acclimate to these changing conditions if 
they are to persist and reproduce. Longer term changes in climate and atmospheric 
CO2 concentrations add yet another source of environmental variability for plants.

Phenotypic plasticity refers to the range of functional traits that can be 
expressed by a particular genotype (or individual plant) in response to environ-
mental cues. Categories of functional traits that can differ in response to environ-
mental cues include plant physiological processes (e.g., respiration rates, growth 
phenology), morphology (e.g., height, allocation to roots), and reproduction 
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(e.g., method, timing). Sultan (2000) reviewed the literature on phenotypic plasticity 
and described four types of plasticity: (1) functional traits plasticity, (2) develop-
mental plasticity, (3) life-history plasticity, and (4) cross-generational plasticity. 
Trait variation can be expressed over monthly, annual, decadal, or generational 
timespans. Phenotypic plasticity for specifi c traits may be adaptive (and selected for 
in a natural selection sense) if it serves to increase plant performance and survival 
(Matesanz et al. 2010, Nicotra et al. 2010).

Physiological plasticity allows plants to partially compensate for resource limi-
tations by altering physiological processes and helps plants acclimate to changing 
environmental conditions at varying time scales, from minutes to months (Sultan 
2000). Plants can vary stomatal apertures over short time periods to regulate the 
exchange of water and CO2 in response to changing evaporative demand (tempera-
ture and humidity) and internal plant water balance (Hetherington and Woodward 
2003). Plants can adjust their temperature optima for photosynthesis and respiration 
processes to improve plant performance under seasonally varying temperatures 
(Atkin and Tjoelker 2003; Atkin et al. 2005, 2006; Grulke 2010; Gunderson et al. 
2010, Ryan 1991).

Functional trait or morphological plasticity can also help plants compensate 
for resource limitations by altering leaf and root structure and by altering carbon 
allocation to roots, leaf area, and stemwood. Changes in leaf structure and function 
can allow plants to adapt to persistent changes in CO2, light, temperature, and soil 
water (Apple et al. 2000, Atkin et al. 2006, Fraser et al. 2009, Sprugel et al. 1996, 
Sultan 2000). Temperatures during leaf development can infl uence specifi c leaf 
area (the ratio of leaf area to leaf mass), with subsequent effects on carbon uptake 
and plant growth (Atkin et al. 2006, Sultan 2000). Fraser et al. (2009) showed that 
experimental manipulations of temperature and water availability produced changes 
in leaf area and stomatal density in bluebunch wheatgrass (Pseudoroegneria spicata 
(Pursh) Á. Löve). Similarly, Apple et al. (2000) found that elevated growth tem-
peratures increased needle length but did not affect stomatal density in Douglas-fi r 
(Pseudotsuga menziesii (Mirb.) Franco) saplings, while elevated CO2 did not signifi -
cantly alter needle morphology at all. In Pacifi c silver fi r (Abies amabilis (Douglas 
ex Loudon) Douglas ex Forbes), shading by overstory trees strongly infl uenced 
needle thickness and specifi c leaf area (Sprugel et al. 1996). In most cases, plasticity 
in leaf traits is limited to the period of leaf development.

Changes in biomass allocations—particularly among roots, shoots, and leaf 
area—also allow plants to acclimate to changing environmental conditions and 
biotic interactions (Atkin et al. 2006, Lapenis et al. 2005, Niinemets 2010, Sprugel 
et al. 1996). Varying biomass allocation between roots and shoots can allow trees 
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and other plants to compensate for light or soil resource limitations on growth 
(Markesteijn and Poorter 2009). Pines have been shown to alter their ratio of leaf 
area to sapwood conducting area in response to site evaporative demand, apparently 
to improve water relations and reduce risks of hydraulic failure (DeLucia et al. 
2000; Maherali and DeLucia 2000, 2001; Maherali et al. 2002). Biomass allocation 
responses to environmental variation differ among species and environmental driv-
ers, however (DeLucia et al. 2000).

Another form of morphological plasticity allows plants to alter their growth 
form in response to environmental conditions and biotic interactions. In subalpine 
ecosystems, some conifers adopt a stunted “krummholz” growth form that allows 
them to better tolerate cold temperatures and high winds; these trees retain the 
ability, however, to develop into upright trees if climatic conditions improve or 
through facilitative interactions (Hadley and Smith 1987, Smith et al. 2003). In 
maritime coniferous forests, understory seedlings and saplings often alter their 
crown and needle morphologies to maximize light capture (Niinemets 2010, 
Sprugel et al. 1996).

Growth and reproductive phenology is another form of phenotypic plastic-
ity (Sultan 2000). Phenological adjustments help plants adjust their growth and 
reproduction to periods of favorable resource availability (or reduced herbivory), 
and potentially lengthen or shorten the growing season (Cleland et al. 2007, Körner 
and Basler 2010, Kramer et al. 2000). The timing of fl owering and leaf-out in plants 
is often controlled by environmental cues such as air and soil temperatures, but 
can include both chilling and warming requirements (Campbell and Sugano 1979, 
Harrington et al. 2010, Menzel et al. 2006, Polgar and Primack 2011). Chuine (2010) 
has argued that growth and reproductive phenology is an important determinant of 
species ranges, as failure to complete annual growth cycles limits species expansion 
into cooler environments, while failure to meet winter chilling requirements limits 
expansion into warmer environments (or persistence in a warming climate). Pheno-
logical responses to climatic variability and change are discussed in more detail in 
chapter 3.

Finally, cross-generational plasticity allows plants to confer plastic responses on 
their offspring by varying seed size (and stored resources), seed coat thickness, and 
seed dormancy, or by infl uencing initial biomass allocation (Sultan 2000). Seed size 
can infl uence initial growth rates and biomass of seedlings, while dormancy can 
infl uence the timing of seedling emergence. In some cases, parent plants experienc-
ing resource limitations (e.g., light or nutrients) have been found to produce off-
spring that allocate biomass preferentially to roots or shoots in a way that promotes 
acquisition of the dominant limiting resource (Sultan 2000).
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Adaptive Value of Plasticity
Phenotypic plasticity is important in considering potential vegetation responses to 
changing climate because it allows plant individuals and populations to persist on a 
site in a changing environment (Matesanz et al. 2010). It allows plants to adjust to 
seasonal changes in climate as well as interannual and interdecadal climatic vari-
ability, and helps avoid radical vegetation responses to most climatic variability. 
Phenotypic plasticity can also help plants become established and persist under low 
resource availability caused by decadal climatic variability or biotic interactions 
(e.g., during forest stand development). The ability to persist as a juvenile (advance 
regeneration) provides the opportunity to respond rapidly to increased resource 
availability following disturbance (or a favorable period of climate), while the 
ability to persist as an adult provides a continuing opportunity to reproduce during 
favorable periods of climate. 

Phenotypic plasticity can also contribute to local adaptation of populations to 
changing climate and to species migration processes. Phenotypic plasticity may 
reduce selective pressure on plant genotypes, thereby allowing plants to maintain 
higher genetic diversity and future adaptation potential within populations. It 
may also facilitate local adaptation of populations by allowing new individuals 
to establish under altered environmental conditions (Matesanz et al. 2010). By 
these mechanisms, phenotypic plasticity can delay or prevent range retraction on 
the “trailing edge” of a species’ range. High plasticity may also be benefi cial for 
facilitating migration through colonization of new sites on the “leading edge” of the 
species’ range, as high plasticity allows a single genotype to occupy varying envi-
ronments (Matesanz et al. 2010). This is probably why high phenotypic plasticity is 
associated with ecological generalists and many invasive plant species (Matesanz 
et al. 2010, Sultan 2000).

Phenotypic plasticity is not without its costs, however, and is less common 
than one might expect, given the apparent benefi ts to individuals and populations. 
Valladares et al. (2007) reviewed a wide range of potential internal and external 
limitations that could prevent plants from fully responding to environmental cues. 
Ecological limitations include the reliability of environmental cues, abiotic stresses, 
biotic interactions, and multiple stresses. Internal limitations include genetic costs, 
carbon (maintenance) costs, developmental constraints, and lag time of responses. 
When plasticity cannot allow plants to acclimate suffi ciently to changing environ-
mental conditions, genetic adaptation or migration responses may be required to 
maintain species viability.

Phenotypic plasticity 
allows plant individuals 
and populations to 
persist on a site in a 
changing environment.
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Adaptation Through Natural Selection
Local genetic adaptation (or in situ evolution) is another way by which plant popula-
tions can adapt to changing environmental conditions (Davis et al. 2005). As part 
of sexual reproduction, plants recombine genetic material and may develop new 
genotypes (combinations of genes) that are better suited to current conditions than 
the genotypes of earlier generations. They are also likely to produce genotypes that 
are less well suited to current environmental conditions. The better genotypes will 
be more likely to become established and survive, thereby increasing the frequency 
of favorable genes in the population and increasing the ability of the population to 
persist. 

The effectiveness of local population adaptation depends on several factors, 
including genetic variability, fecundity, dispersal, and generation time (Aitken et 
al. 2008, Brubaker 1986, Jump and Peñuelas 2005). Populations with high genetic 
variability have a higher potential for adaptation if the genetic variability includes 
traits that affect performance and reproduction responses to climate (Davis and 
Shaw 2001, Davis et al. 2005). High levels of seed production and dispersal enhance 
adaptation potential by producing a large number of new genotypes and distribut-
ing them into a wide range of habitats, thereby increasing the chances for fi nding 
a favorable combination. Short generation times enhance adaptation potential by 
increasing selection opportunities over time.

Local genetic adaptation might be most important and effective for annual 
plants, as they replace their entire population each year (short generation time), 
typically produce large amounts of seed, and often have good seed dispersal (Jump 
and Peñuelas 2005). Population adaptation can be rapid in small, annual plant spe-
cies, with signifi cant changes in traits observed after one generation. For example, 
Franks et al. (2007) found that fl owering time by an annual plant population 
advanced by 2 to 8 days in response to selective pressure from a summer drought.

Local population adaptation is likely to occur much more slowly for tree 
species but will still play an important role in determining the effects of changing 
climate and elevated CO2 on tree species. In general, tree species have more genetic 
diversity within their populations than herbaceous plant and shrubs (Hamrick 
2004, Petit and Hampe 2006). They also produce large numbers of seeds over their 
lifespans, and typically have developed effective mechanisms for seed dispersal 
(Petit and Hampe 2006; Nathan et al. 2008, 2011). Although longer generation 
times (juvenile periods) reduce their potential for rapid population adaptation, long 
lifespans supported by phenotypic plasticity may provide time for populations to 
adapt suffi ciently to changing climate to avoid local extinction.
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Trees often display high local differentiation for adaptive traits (Petit and 
Hampe 2006), with the traits involved in local adaptation being the product of the 
small effects of many genes (Aitken et al. 2008). Common garden studies with 
seedlings have found local differentiation in species traits like phenology, height, 
and cold hardiness for ponderosa pine (Pinus ponderosa Lawson & C. Lawson), 
(Keller et al. 2004), Douglas-fi r (Monserud and Rehfeldt 1990, Rehfeldt 1989), 
lodgepole pine (Pinus contorta) (Rehfeldt 1988), Engelmann spruce (Picea engel-
mannii Parry ex Engelm.), (Rehfeldt 1994a), western redcedar (Thuja plicata Donn 
ex D. Don), (Rehfeldt 1994b), western larch (Larix occidentalis Nutt.) (Rehfeldt 
1995), and Sitka spruce (Picea sitchensis (Bong.) Carrière) (Mimura and Aitken 
2007, 2010). Such responses are not universal, however, and some species are only 
weakly differentiated genetically to local environmental conditions (e.g., western 
white pine [Pinus monticola] Douglas ex D. Don]), perhaps as a result of strong 
acclimation through phenotypic plasticity (Chuine et al. 2006, Rehfeldt et al. 1984).

Gene fl ow via seeds or pollen is common in trees and can accelerate or impede 
population adaptation to altered environmental conditions (Aitken et al. 2008, 
Kremer et al. 2012, Petit and Hampe 2006). Long-distance dispersal of pollen and 
seeds can help introduce new genes and genotypes into an existing population, and 
it is often assumed that the dominant fl ow of genes is from the center of a species 
range toward the periphery. Long-distance gene fl ow could facilitate adaptation 
in “leading-edge” populations during species migration by introducing genes that 
are preadapted for warmer temperatures (assuming the migration pattern is toward 
higher latitudes or elevations), and can generally increase genetic diversity and 
adaptation potential (Aitken et al. 2008, Kremer et al. 2012). On the other hand, 
gene fl ow toward trailing edge populations may slow or prevent population adapta-
tion by introducing less suitable genes (Aitken et al. 2008, Kremer et al. 2012).

Migration
Migration is perhaps the most widely anticipated and discussed adaptation response 
of plant species to changing climate. Migration, in theory, allows plant species to 
maintain their current bioclimatic niches by tracking changes in climate across 
landscapes and regions. Migration responses of trees and other species in response 
to postglacial warming during the Quaternary are documented in fossil pollen 
sequences and macrofossils (Cole 1982, Davis and Shaw 2001, Gugger and Sugita 
2010, Petit et al. 2008). Biogeographical models suggest that most plant species 
will have to migrate in response to changing climate in the next century or face 
dramatic reductions in species ranges and possible extinction. In this section, we 
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briefl y describe existing information about the need for plant species migration and 
some aspects of migration as an adaptive response to changing climate. 

Velocity of Change
Biogeographers have used geographical information systems, regional climate 
and vegetation databases, and bioclimatic envelope models to translate projected 
changes in mean annual temperature and precipitation onto real landscapes. This 
has helped them describe spatial shifts in bioclimatic zones and the rates at which 
plant and animal species would have to migrate in the future to track their current 
environmental conditions (Loarie et al. 2009). The rate of migration of bioclimatic 
conditions across landscapes has been aptly referred to as the “velocity of change,” 
and is a useful concept for evaluating the potential for species migrations to keep 
up with changing climate. These biogeographical approaches have also proved 
useful as a fi rst approximation for evaluating the long-term potential for conserving 
biodiversity in current reserve systems (Ackerly et al. 2010, Loarie et al. 2009).

Studies of spatial shifts in bioclimatic zones under climate change have noted 
that the velocity of change varies considerably with topography. The velocity 
(meters/year) needed to track projected changes in climate is much greater in fl at 
terrain like the central Great Plains than in complex topography like the mountain-
ous regions of western North America (Loarie et al. 2009). This is largely because 
temperature changes much more quickly along elevational gradients than along 
latitudinal gradients.

Persistence in Refugia
There may be some regions within a species’ range that retain climatic suitability 
despite large changes in climate (Ashcroft 2010). Such refugia may exist because 
the species has a broad ecological niche or high levels of phenotypic plasticity, 
because elevated CO2 or local topography buffer the impact of changing climate 
on critical resources, or because antagonistic biotic interactions are too weak to 
cause signifi cant mortality despite poor plant performance. Populations occupying 
these refugia may be able to persist without adaptation or, more likely, can persist 
through local adaptation, perhaps with the benefi t of gene fl ow from other parts of 
the species range. 

Recent studies have shown the importance of refugia for supporting relict 
populations of trees during the last glacial advance. Those populations preserved 
important components of genetic diversity and contributed signifi cantly to spe-
cies migration following glacial retreat (Gugger and Sugita 2010, Hu et al. 2009, 
McLachlan et al. 2005, Petit et al. 2008) and current distribution patterns (Norris 
et al. 2006). There is now great interest in identifying future refugia for maintaining 
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plant biodiversity in general as well as currently threatened species or species of 
particular conservation value (Ashcroft 2010, Ashcroft et al. 2012, Dobrowski 2011). 
Areas outside the current distribution of a species could serve as refugia if spe-
cies migration rates and future landscape permeability would allow the species to 
colonize and persist in those areas (Ashcroft 2010).

Invasion (Leading Edge)
Invasion or colonization of previously unoccupied or newly suitable habitat is the 
“leading edge” of a species migration. Invasion success and rates of “leading edge” 
movement depend on the fecundity of leading edge populations, seed dispersal 
patterns and distances, landscape barriers, community invasibility, biotic interac-
tions, and generation times (Hampe 2011). Because of differences in fecundity, seed 
size, dispersal mechanisms, and competitive ability, potential migration rates vary 
among species, and species have migrated at different rates following the last major 
glacial retreat (Davis et al. 1986, Nathan et al. 2011). Historically, species migra-
tions have lagged signifi cantly behind climatic changes (Davis 1989, Gavin 2009, 
Gavin and Hu 2006).

Perhaps the most important factor controlling migration potential is the ability 
of a plant species to produce suffi cient quantities of viable seeds, disperse seeds into 
new habitats, and have the seeds germinate successfully in the new habitat (Burton 
et al. 2010, Hampe 2011). Wind and animal (including human) dispersal are the 
most likely mechanisms for producing successful long-distance dispersal (Nathan 
et al. 2008) but may not be able to match the rate of changing climate in areas with 
a high “velocity of change.” Maximizing the migration benefi ts of seed dispersal 
mechanisms requires leading edge populations to serve as the primary seed source 
for colonization of new habitat, which requires leading edge populations to be old 
enough to reproduce and for the climate to support investment in reproduction. 

Elevated CO2 and changing climate could alter seed production and dispersal 
for some species, thereby altering their migration potential. Elevated CO2 could 
increase seed production by making more carbon resources available for repro-
duction; however, nutrient availability could limit increases in seed production, 
and increased seed size (owing to greater carbon reserves) could limit dispersal 
for wind-dispersed seed. Warming temperatures could increase wind speeds and 
thereby increase potential dispersal distances for wind-dispersed seeds (Kuparinen 
et al. 2009), while changes in prevailing wind directions could alter spatial patterns 
of seed dispersal (Ackerly et al. 2010). Similarly, climate change effects on animal 
behavior could alter the distance and direction of dispersal for animal-dispersed 
species (Hampe 2011, Nathan et al. 2008). Finally, changing climate and disturbance 
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regimes could alter seed dispersal patterns by altering landscape permeability 
(Nathan et al. 2008).

Invasion success for migrating species also depends on the invasibility of the 
plant community being colonized (Pauchard et al. 2009). Intact plant communities 
with one or more dominant competitors may be diffi cult to invade unless the invad-
ing species is preadapted to the low resource availability produced by the dominant 
competitor. Disturbances can increase community invasibility by reducing or 
extirpating established populations and increasing resource availability (Pauchard 
et al. 2009). Fluctuating resources (e.g., soil water availability) may also facilitate 
invasion (Davis et al. 2000). Some have argued that highly diverse plant communi-
ties will be less invasible because of more complete resource utilization, but empiri-
cal evidence suggests otherwise (Lonsdale 1999). 

Biotic interactions can also limit invasion rates. The presence or absence of 
facilitators, mutualists, or antagonists can infl uence invasion success. Release 
from pathogens or herbivores may increase establishment success and persistence 
(Hampe 2011). The presence or absence of mutualist species, like benefi cial soil 
biota or pollinators, may also determine invasion success (Hampe 2011). Competi-
tion intensity may also be important, as the species traits that promote invasiveness 
(high seed production and dispersal) can come at the expense of traits that promote 
competitive ability (Best et al. 2007, Burton et al. 2010). 

Extirpation (Trailing Edge)
Systematic extirpation of populations in areas that can no longer support viable 
populations of a species defi nes the “trailing edge” of a species migration. Popula-
tion extirpation is typically associated with disturbances that kill plants, after which 
recolonization cannot succeed. In the absence of such disturbances, phenotypic 
plasticity or local population adaptation may allow populations to persist at reduced 
fi tness levels. Regeneration may be limited to years or decades with favorable 
climate, or may cease altogether, leaving populations to rely on phenotypic plastic-
ity, vegetative reproduction, and long lifespans of individuals to persist (Chevin et 
al. 2010, Hampe and Jump 2011). This latter condition has been called an “extinc-
tion debt,” in which local extinction is expected but not yet realized (Dullinger et al. 
2012, Jackson and Sax 2010). 

Although there are examples of rapid and persistent range retractions driven 
by extreme climatic events and related disturbances, well-documented examples 
of systematic population extirpation of trailing edge plant populations are still not 
common (Allen and Breshears 1998, Allen et al. 2010, Breshears et al. 2009, Jump 
et al. 2009). In some cases, populations may persist until the arrival (and subsequent 
population growth) of a superior competitor (Dullinger et al. 2012, Hampe and 
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Jump 2011). While they persist, these populations preserve the potential for the 
species to respond to future shifts in climate, while also maintaining genotypes 
adapted to warmer conditions (Hampe and Petit 2005, Jump et al. 2009).
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Chapter 6: Simulation Models Used 
to Project Vegetation Responses

The complexity of climatic infl uences on vegetation and potential adaptations 
of plant populations and species to changing climate makes conducting fi eld 
experiments to assess potential species and community responses to increasing 
atmospheric carbon dioxide (CO2) concentrations and climatic changes diffi cult, 
expensive, and generally impractical for more than a few species and environments. 
Instead, models are often used to project vegetation responses to changing CO2 
and climate, including changes in species distributions, biodiversity, community 
composition, vegetation structure (e.g., biomass, leaf area), and productivity. Model 
projections may be used to assess vegetation sensitivity or vulnerability to climatic 
changes, potential rates and magnitudes of change, or the adequacy of conservation 
reserve systems.

The ideal vegetation model for supporting the development of climate change 
adaptation strategies would describe the range of climatic and other environmental 
conditions under which plant species could establish, grow, reproduce, and persist. 
It would also account for the effects of biotic interactions and disturbances on plant 
species distributions. If used to project changes in species ranges over time, the 
model would not only describe the end result, but also indicate the rates of change, 
intermediate conditions, and the mechanisms producing change. Such ideal vegeta-
tion models do not currently exist. Instead, current vegetation models focus on one 
or more aspects of the overall problem—describing environmental niches, simulat-
ing competition, or examining spatial processes—while greatly simplifying other 
aspects of the problem through assumptions, theory-based approximations, 
 or simply ignoring them altogether. 

Several types of vegetation models can and have been used to assess potential 
impacts of climate change on terrestrial vegetation. Each type has its strengths and 
weaknesses and addresses vegetation responses at different temporal and spatial 
resolution. For example, gap models are used to examine species interactions and 
vegetation change at very fi ne spatial scales (plots the size of an individual canopy 
gap or small stand of trees) over daily to annual time steps, while dynamic global 
vegetation models project changes in vegetation properties (e.g., leaf area and 
phenology) at very typically broad spatial scales (thousands of square kilometers, 
although more fi ne-scale projections are now available, e.g., Rogers et al. 2011) over 
annual to decadal time steps. In applying vegetation models to inform management 
adaptations to climate change, it is important to match the spatial and temporal 
scale of the model with that of the question being asked. It is also important to note 
that models are developed based on assumptions that are usually reasonable for the 

In applying vegetation 
models to inform 
management 
adaptations to climate 
change, it is important 
to match the spatial 
and temporal scale of 
the model with that 
of the question being 
asked.



70

GENERAL TECHNICAL REPORT PNW-GTR-900

original scale and purpose of the model, but may be completely unreasonable when 
models are applied to a different problem or at a different spatial scale.  

A frequent quote about models is that they will always be wrong to some 
degree, but may be useful anyway. In the context of climate change, models may 
be more useful for illustrating the magnitude of potential vegetation impacts and 
identifying areas of vulnerability than for making projections about outcomes 
(Littell et al. 2011, Jackson et al 2009). Many different types of models have been 
developed, and continue to be developed, to examine how vegetation may change 
with future climate change, but their strengths, limitations, and best uses are often 
not made clear to decisionmakers. Vegetation model development often requires 
considerable investments of time and resources, and there is an understandable 
tendency for model developers to try to fund continued model development by 
applying it to new and varied applications, even when another tool (new or existing) 
might be better suited to the task. Similarly, decisionmakers are often pressed to act 
quickly and may accept model output as an authoritative basis for decisions without 
fully understanding the uncertainty in such projections. 

This section reviews the major classes of vegetation models; describes their 
basic function, strengths, and weaknesses; and discusses the contribution each 
could make toward understanding and projecting vegetation responses to future 
climatic changes. 

Statistical Species Distribution Models
Introduction to Species Distribution Models
Statistical species distribution models (SDM), also known as niche models or 
bioclimatic envelope models, are used to describe the range of environmental 
conditions (niche) under which species occur by quantifying relationships between 
species occurrence data and corresponding environmental descriptors. The SDMs 
have arisen out of decades of ecological inquiry and analyses related to species-
environment relationships (e.g., MacArthur 1972) and share a common philosophy 
and theoretical foundation with indirect gradient analysis, in that they attempt to 
relate observed spatial variations in species frequency to associated underlying 
environmental gradients. Although correlations between species occurrence and 
environmental conditions can suggest causal mechanisms, the models themselves 
are purely descriptive and do not directly include processes or mechanisms, 
although an approach to doing so has been proposed recently (Kearney and Porter 
2009).

Species distribution models have been used to address a variety of applied and 
theoretical questions (Elith and Graham 2009, Guisan and Thuiller 2005, Jeschke 
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and Strayer 2008), including the planning and establishment of conservation reserve 
networks and identifying potential habitat for species recovery efforts (Araújo et al. 
2004). They require little or no knowledge about the ecological requirements of spe-
cies, which can be an advantage for poorly studied taxa (Kearney and Porter 2009), 
and are relatively easy to develop and use (Robinson et al. 2008). Their use has 
grown considerably in recent decades as geographic information system (GIS) tech-
nologies have improved and become widely used and as spatial datasets describing 
interpolated climatic conditions have become available (Elith and Leathwick 2009). 
Because these models are widely used and there are numerous discussions and 
projections in the literature using these models, we devote a considerable amount 
of space to this class of models. 

How Species Distribution Models Work
Species distribution models are empirical models describing relationships between 
observed species occurrences and associated environmental variables based on 
statistical or other quantitative models (Guisan and Zimmerman 2000). Species data 
can be presence/absence, presence only, or some measure of species abundance, and 
are typically obtained from species range maps or extensive networks of vegetation 
survey plots (e.g., the U.S. Forest Service’s Forest Inventory and Analysis moni-
toring network). Environmental predictor variables typically include summary 
climatic descriptors (e.g., mean summer temperature, mean annual precipitation, 
or mean January temperature), but can also include climate-related biophysical 
descriptors (e.g., potential or actual evapotranspiration), topographic descrip-
tors (e.g., slope aspect or potential solar radiation), disturbance properties, or soil 
properties (Guisan and Thuiller 2005). 

A wide range of quantitative methods have been developed for describing these 
relationships between species and their environment, including generalized linear 
models, generalized additive models, and regression trees (Austin 2007). In select-
ing a quantitative method for an SDM, model developers should ideally consider 
the relevant ecological theory, whether species responses to modeled environmental 
gradients are linear or nonlinear, the likely importance of interactions among envi-
ronmental predictor variables, and properties of the species and environment data 
(including scales of observation, correlations among environmental predictors, and 
spatial autocorrelation in species data), though this is often not done (Austin 2007). 
Similarly, environmental predictor variables should be chosen to represent (directly 
or indirectly) factors that contribute to establishment, growth, and mortality (e.g., 
temperature extremes, growing degree-days, water balance). 

Depending on the species data and quantitative method used, SDMs will 
produce estimates of species abundance or the probability of species presence for 
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locations within the study region, given the environmental conditions. In many 
cases, the most useful way to examine SDM projections, however, is to map those 
projected abundances or probabilities of species occurrence onto the study region 
(geographic space) and display those projections using GIS. This can be done by 
displaying continuous abundance or probability values (using levels of shading) or 
by establishing threshold abundance or probability values and mapping all areas 
with values exceeding the threshold as potential species range. Although SDM 
projections are often interpreted as species range maps, they actually represent a 
spatial mapping of the environmental conditions within which the model projects 
the likelihood of species occurrence to be above some minimum threshold level. 
Not all areas identifi ed as potential suitable climate will be occupied by the target 
species. Observed species absences within areas modeled as potential suitable 
climate could to be due to chance alone, barriers to migration, disturbances, or 
some additional factor that infl uences the species’ distribution but was not included 
in the model. 

For more details about SDM history, development, function, and usage, see 
reviews by Guisan and Thuiller (2005), Austin (2007), and Elith and Leathwick 
(2009). For the remainder of this review, we focus on key elements of SDMs that 
pertain specifi cally to their use in projecting vegetation vulnerability and responses 
to climatic changes.

As with most statistical methods, developers of SDMs make assumptions about 
how the world works and the empirical data from which the models are developed. 
Some of these assumptions are explicitly acknowledged, while others are less clear, 
but all have important implications for how the models can be used and their suit-
ability for projecting species responses to climatic changes (Austin 2007, Thuiller et 
al. 2008). Major assumptions associated with SDMs are summarized in box 6.1.

How Species Distribution Models Are Applied 
to Climate Change Issues
A carefully developed SDM can characterize the current environmental distribu-
tion of a species well and provide evolutionary and ecological insights (Elith and 
Leathwick 2009, Rehfeldt et al. 2006). For example, examination of the environ-
mental predictors in the model can generate hypotheses about the ecological factors 
limiting current species ranges that can be subjected to further study. Comparison 
of SDMs developed for different regions within a species’ range can also provide 
insights about evolutionary changes during prolonged periods of isolation in glacial 
refugia (Norris et al. 2006). 

More recently, SDMs have been increasingly used to project suitable species 
habitat through interpolation and extrapolation. Projection through interpolation 
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 Box 6.1. Major assumptions associated with widely used species 
 distribution models (SDMs):

• Models assume that the description of the realized niche is suitable for 
meeting study objectives (Guisan and Thuiller 2005). The SDMs attempt 
to describe the environmental conditions under which a species actually 
occurs, not the range of conditions under which it could occur. The 
realized niche could be further limited to only those environmental 
conditions under which a species can reproduce successfully, eliminat-
ing relict populations that may be committed to extinction (Guisan and 
Thuiller 2005); this is not common practice, however, in part because 
assessments of species reproductive success are often unavailable. 

• The target species is in equilibrium with its current environment. If 
the species is still responding to recent widespread disturbances or past 
climate changes, or still actively invading, species occurrence data may 
not adequately represent the species’ realized niche.

• Biotic interactions are either of minor importance as determinants of 
the species’ distribution, or are correlated with and adequately repre-
sented by environmental variables (Araújo and Luoto 2007).

• The target species does not have unique subpopulations—for which the 
fundamental/realized niche varies signifi cantly—within the region of 
interest.

• The environmental predictor variables represent all of the critical ele-
ments affecting plant establishment, growth, and survival for a species 
and have been measured accurately.

• Species and environmental data are being observed and analyzed at 
appropriate and comparable spatial scales to meet study objectives (the 
scale at which model predictions are required). 

• Relevant environmental gradients have been adequately sampled (Elith 
and Leathwick 2009, Guisan and Thuiller 2005).

• The statistical methods used are capable of describing changes in 
species occurrences across the selected environmental gradients and of 
capturing important interactive effects among the environmental 
predictor variables.
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involves projecting model occurrence probabilities (or projected abundance) onto 
the current landscape under current environmental conditions; such an approach 
can be useful for identifying suitable, but unoccupied, habitat for inclusion in 
reserve planning or species recovery efforts. Projection through extrapolation 
involves applying model projections to geographic regions or environmental condi-
tions beyond those for which the model was developed. Extrapolating SDM projec-
tions in time or space has become increasingly popular, but is much riskier and 
carries higher levels of uncertainty (Elith and Leathwick 2009). Although SDMs 
are typically run using data and projections for individual species, they can also be 
applied to plant functional types (e.g., shrubs) (Kerns and Ohmann 2004).  

Species distribution models have been used extensively in climate change 
research to project potential changes in species geographic ranges in response to 
changing climate. In a typical application, SDMs are developed for a suite of spe-
cies occupying a target region using available species and environmental datasets, 
where the candidate environmental variables include a full range of climatic 
descriptors thought to represent various limitations on species ranges. After accept-
able models have been developed, their projections are projected onto geographic 
space using both current climatic conditions (interpolation) and one or more sce-
narios of future climatic conditions (extrapolation) as derived from climate models. 
The resulting maps (or the underlying projections) can then be compared to address 
questions about potential changes in species ranges, potential regions for expansion 
or contraction of species boundaries, and stable habitat areas. 

In extrapolating SDMs from current to future climatic conditions, additional 
assumptions are being made that infl uence levels of confi dence and uncertainty in 
SDMs, including the following: 

 Current fundamental and realized niches are conserved under a new 
climatic regime (Dormann 2007). This further implies that:

o Species will not adapt signifi cantly to climatic changes 
(stability in the fundamental niche).

o Dominant environmental limiting factors are preserved under 
future climate.

o Biotic interactions (e.g., competition or facilitation) and their 
outcomes are preserved under future climate (stability in the 
realized niche). This implies that currently interacting species 
migrate together and that the relative effects of their interactions 
do not change signifi cantly.
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o Changing CO2 concentrations or altered disturbance regimes 
will not alter species-environment relationships or biotic 
interactions.

 Model projections can reasonably be extrapolated to project species 
responses to novel climates. Novel climates include ranges and com-
binations of environmental conditions not considered during model 
development because they do not occur on the modern landscape 
(no current analog) or because data were not available for represent-
ative sites. 

Strengths and Weaknesses of Species Distribution Models
The major strength of statistical species distribution models is their fl exibility and 
ease of use. Species distribution models have become very popular because they 
are relatively fast and easy to create and apply. Model development requires little 
knowledge about species ecophysiology, autecology, or synecology. The necessary 
species and environmental data are increasingly available in usable forms, allowing 
species models to be generated for many areas and spatial scales. Many of the quan-
titative methods employed are readily accessible in free software packages (e.g., 
as applications libraries for the free R statistical software) that can facilitate rapid 
model development and assessment. The SDMs can often produce a good statistical 
fi t between available species and environmental data, lending confi dence to their 
application (though see Chapman 2010 and Beale and Lennon 2012 for cautionary 
notes on this topic). Finally, the ability to project model output onto geographic 
space and create maps adds to the popularity of the models, as maps are familiar 
and appear to be easy to understand and interpret (though this can produce a false 
sense of confi dence). 

A major weakness of SDMs is that they achieve their fl exibility and ease of 
use through adoption of a suite of simplifying assumptions that allows models to 
be created without prior knowledge about species ecophysiology, autecology, or 
synecology. Unfortunately, many of these assumptions are likely to be violated, 
depending on the species involved and the study question. Many plant species 
are unlikely to be in equilibrium with current climate, as climate has changed at 
centennial to millennial scales, creating a moving target (Svenning and Skov 2004). 
For example, western juniper (Juniperus occidentalis Hook.) is still rapidly expand-
ing its range and infi lling in less dense areas with almost 90 percent of the western 
juniper woodland having developed in the past 150 years (Miller et al. 2000). 
Similarly, biotic interactions are poorly studied for most species, but there is suf-
fi cient research demonstrating the importance of overstory-understory relationships, 
pathogens, herbivory, and mycorrhizal associations on the abundance patterns of 
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selected species to demonstrate the potential importance of biotic interactions for 
shaping species realized niches. Although the effects of some biotic interactions 
may be correlated with climate, allowing them to be captured by a statistical model, 
this is not universally true (Araújo and Luoto 2007).

Climate data availability is another source of weakness for many SDMs, 
particularly as applied to climate change questions. The SDM methodology 
assumes that climate variables are accurately measured and can be matched up 
with associated vegetation data. Weather stations producing high-quality, long-term 
climate data are distributed sparsely in most regions, particularly in remote areas 
and mountainous terrain. They are often skewed toward low-elevation sites and 
clustered near population centers (where they are easiest to monitor and repair). As 
a result, climatic conditions associated with vegetation sampling plots are usually 
estimated from spatial interpolations of climate station data (e.g., PRISM) (Daly 
et al. 2008). The accuracy of such estimates may be adequate for studies at broad 
spatial scales (coarse spatial resolution), but they are probably not suitable at fi ner 
spatial resolutions where topoedaphic infl uences are strong.

Model development methodologies have also been a source of uncertainty 
and criticism for SDMs. Many different SDM methodologies are available, each 
employing different assumptions, algorithms, and parameterizations (Buisson et 
al. 2010). Unfortunately, models developed from the same data—but with different 
methods—can produce signifi cantly different results (Buisson et al. 2010, Diniz-
Filho et al. 2009). In an ensemble forecasting framework with 8,400 projections of 
species responses to climate change, Buisson et al. (2010) found that SDM meth-
odology accounted for more variability in model projections than climate model, 
emission scenario, or initial (training) data used. Clearly, there remains uncertainty 
about the reliability of SDM projections of species responses to climate change, and 
it is unlikely that any single statistical approach will be best for all applications and 
species (Jeschke and Strayer 2008). 

For the SDM approach to be effective for projecting species responses to future 
climate change, the current correlation of species with the environment must be a 
good predictor of future suitable habitat. Therefore, SDMs implicitly assume niche 
conservation—that species maintain their current ecological requirements—and 
constancy in the genetic and phenotypic composition of a species over space and 
time (Broennimann et al. 2007, Jeschke and Stayer 2008). These assumptions may 
be ecologically untenable, however, at least for some species. Invasive species 
provide examples of lack of niche conservation, changing niches from their native 
to introduced ranges (Broennimann et al. 2007). Recent evidence also suggests 
that detectable evolution in vegetation occurs at time scales that are comparable to 
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climate change—within years for some annuals, decades for herbaceous species, 
and centuries for longer lived trees (Franks and Weis 2008, Hairston et al. 2005, 
Skelly et al. 2007). 

Species distribution models also assume that certain processes, such as biotic 
interactions, are either unimportant or will remain stable with climate change. 
However, biotic and abiotic factors both constrain species ranges, the relative 
effects of which may vary in different parts of the species range (Barry and Elith 
2006). Changes in climate can alter interactions between plants, as well as plant 
interactions with herbivores, seed predators, and pathogens (Ayres and Lombardero 
2000, Ibanez et al. 2006; see also chapter 4). Higher atmospheric CO2 levels may 
also alter biotic interactions through effects on plant growth, carbon allocation, and 
defenses. A recent review of over 600 studies showed that climate change infl u-
enced nearly every aspect of species interactions (Tylianakis et al. 2008). Finally, 
biotic interactions are likely to change because species have been shown to respond 
individually to climate change, producing new species assemblages in new environ-
ments. Species whose ranges are infl uenced by biotic interactions are therefore 
likely to respond in complex ways to novel environments (Elith et al. 2010). 

Species distribution model quality also differs by species (Guisan et al. 2007). 
Species with very specifi c environmental requirements are modeled more easily 
than generalists (Elith et al. 2006, Guisan et al. 2007, Hernandez et al. 2006, Luoto 
et al. 2005, Segurado and Araújo 2004, Thuiller et al. 2004). Early-successional 
species are often dependent on disturbances to become established and may be 
excluded from large portions of their potential habitat by competition from late-
successional species; it is diffi cult to determine the environmental requirements 
for such species (Guisan et al. 2007). 

Finally, climate change is expected to result in substantial areas that have no 
modern analog in terms of climate (“novel climates”) (Williams and Jackson 2007, 
Williams et al. 2007). This may be especially true of the Western United States, 
where almost half the land area may have novel (or extramural) climatic conditions 
by the end of the century (Rehfeldt et al. 2006). The more the future state differs 
from the present (novel climates), the less adequately models will be able to project 
ecological phenomena such as species distributions (Williams and Jackson 2007) 
and projections made by correlative models for novel climates may not be defensible 
(Rehfeldt et al. 2006). In fact, SDMs may produce projections indicating dramatic 
reductions in suitable habitat for a species simply because future novel climates do 
not correspond to modern conditions under which the species occurs. Furthermore, 
as models of modern realized niches increase in complexity (more climatic predic-
tors and interactions), the less likely they are to exist under future climate scenarios. 
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In some cases, a novel climate could be quite favorable for a species. As a result, 
novel climates often create a bias in SDM projections toward reduced area for most 
species under future climate, without identifying which species would replace them. 

Using Species Distribution Models
Species distribution models have a number of potentially useful applications in the 
fi elds of ecology and conservation, including describing species’ environmental 
niches, suggesting unsurveyed sites with high potential for occurrence of rare spe-
cies, supporting appropriate management plans for species recovery and mapping 
reintroduction sites, and supporting conservation planning and reserve selection 
(Guisan and Thuiller 2005). These applications focus on describing the current 
environmental niche for a species and using interpolation to identify potential 
species habitat on the current landscape.

With respect to climate change, SDMs have proven highly valuable for raising 
awareness about the potential magnitude of climate change impacts on terrestrial 
biota. At their most basic level, SDM procedures can be used to show how the “bio-
climatic envelope” or climatic conditions currently associated with the geographic 
range of a particular species or functional group would move across a landscape or 
region in response to projected climatic changes. By comparing current and future 
geographic distributions, one can estimate the distances and migration rates needed 
for species to maintain their current environmental niches in the face of climate 
change (Shafer et al. 2001). These rates will differ among species and can be highly 
infl uenced by topographic complexity, with mountainous terrain requiring shorter 
migration distances and slower migration rates, in general, than fl at terrain (Loarie 
et al. 2009). 

Species distribution models may also be useful for identifying core habitat for 
species that is likely to remain suitable (within that of the current species range) 
under future climate scenarios. For example, SDMs could be used to quantify 
sustainability of current reserve systems for maintaining key species or com-
munities. Such an application limits SDM use to current climatic conditions and 
avoids problems with extrapolating species responses to novel climates (a negative 
response indicates higher vulnerability, not guaranteed commitment to extinction).

Species distribution models could also be valuable in a research context by 
generating empirically based hypotheses about what environmental factors limit 
the distribution of a species in different parts of its range. Depending on the SDM 
methodology used, it may be possible to examine which predictor in a model is 
most limiting (or producing a projection of “no occurrence”) and use that knowl-
edge to infer a causal factor. For example, if total annual precipitation is a signifi -
cant statistical predictor for a species, it should be possible to identify locations 
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within the study area where the model indicates that annual precipitation is low 
enough to signifi cantly reduce the likelihood of occurrence (or prevent occurrence 
altogether). Such a projection would be useful to researchers, who could design 
studies to test that projection and either confi rm the validity of the model and the 
associated inference, provide information to change the inference, or identify a fl aw 
in the model (incorrect predictor variable, missing interaction, or incorrect model 
structure).

Although SDMs can be used in an illustrative or precautionary sense to identify 
potential species vulnerabilities, Elith and Graham (2009) noted that projecting spe-
cies distributions into the future is the most uncertain usage of SDMs. Projections 
of species migrations should be interpreted and used with great caution. Such pro-
jections may be useful for identifying target zones for future species colonization or 
extirpation that could be subject to more intensive monitoring as an early warning 
of change. The uncertainty levels associated with those projections—including 
uncertainty in emissions scenarios, climate responses, species environmental 
requirements and adaptation potential, the effects of biotic interactions, and SDM 
methodology—are probably too great to allow these models to motivate proactive 
management activities (e.g., assisted migration). However, they may lend additional 
support to conducting management activities that would be justifi ed for other 
purposes (“no-regrets” activities).

Gap-Replacement Models
Introduction to Gap-Replacement Models
Gap models are a class of forest succession models developed to simulate the effects 
of gap-phase disturbances on forest structure and composition (Bugmann 2001). 
Originally developed primarily for eastern deciduous forests and later applied to 
western coniferous forests, these models simulate the establishment, growth, and 
mortality of individual trees within small forest stands (Bugmann 2001). They have 
been used to project forest responses to chestnut blight (Shugart and West 1977), 
air pollution (Kercher and Axelrod 1984a, West et al. 1980), fi re (Keane et al. 1990, 
Kercher and Axelrod 1984b), and climate change (Dale and Franklin 1989, Pastor 
and Post 1988, Solomon 1986, Zolbrod and Peterson 1999), though their applica-
tion to climate change has raised questions about model assumptions and the way 
climate was incorporated into the establishment, growth, and mortality processes 
(Bugmann 2001). Gap models have largely been replaced by SDMs and other 
model types in recent efforts to project vegetation responses to climate change, but 
offer an approach that largely complements those taken by SDMs. Whereas SDMs 
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project future vegetation condition without specifying the “how” or “when,” gap 
models simulate the process of change in forest stands. 

How Gap-Replacement Models Work
Gap models simulate the establishment, growth, and mortality of individual trees 
in small forest stands as stochastic processes that are driven primarily by resource 
availability, which is itself a function of climate and competition from neighboring 
trees (Bugmann 2001). Gap models are process models that simulate processes 
using mathematical functions that can be parameterized from a basic knowledge 
of the physiology and allometry of the species of interest (Perry and Enright 2006), 
though biogeographical knowledge can also assist in developing parameters. 
Functional relationships and parameters used in major gap models were originally 
developed from a combination of theory and fi eld data (Botkin et al. 1972, Pacala et 
al. 1993, Ribbens et al. 1994). 

Changes in structure and composition are typically modeled on an annual time 
step, based on stochastic simulation of establishment, growth, and mortality of 
individual trees within small stands. The establishment (“birth”) process typically 
includes the effects of seed production/availability, understory light availability, 
soil moisture, temperature, and herbivory on tree establishment. Growth of trees is 
regulated by shading (light), crowding (soil nutrients), soil water availability, and 
temperature. Mortality is a random process, with a low background probability of 
mortality that increases if the tree is under stress (low growth rate). Mortality can 
also result from discrete natural disturbances like fi re or logging. At each annual 
time step, tree inventories are updated and summarized to produce new descriptors 
of stand-level structure and composition.

Gap models typically employ an ensemble approach for generating projections. 
One simulation produces a single potential outcome, given the starting conditions. 
Repeating the simulation many times for the same starting conditions provides an 
assessment of the range and variability of outcomes arising from random chance. 
Repeating the simulation many times with varying starting conditions (e.g., repre-
senting spatial variability in structure and composition within a stand) produces a 
more general assessment of overall variability in future structure and composition. 

Gap models have been modifi ed (adapted) to project forest responses to a 
variety of disturbance types, including chestnut blight in eastern deciduous forests 
(Shugart and West 1977), air pollution in coniferous forests of California (Kercher 
and Axelrod 1984a,1984b), and fi re in the inland Pacifi c Northwest (Keane et al. 
1990). In most cases, this has involved modifying the mortality (“kill”) procedure 
to produce periodic pulses of mortality on a fi xed interval (e.g., silvicultural treat-
ment) or as a random process (e.g., fi re), and examining the resulting effects. 
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How Gap-Replacement Models Are Applied 
to Climate Change Issues
Gap models were among the fi rst models used to project the potential impacts 
of rising atmospheric CO2 levels and changing climate on forest vegetation. The 
original gap models (e.g., JABOWA and FORET) were created to simulate climatic 
infl uences on establishment, growth, and mortality, largely through temperature 
and precipitation infl uences on growing degree-days and soil moisture. These 
process-based models can therefore simulate both transient and equilibrium forest 
responses to climate change if given a suitably modifi ed climatic time series as 
input to the simulations. For transient responses, gap models can be either set to an 
initial structural state or run for a long period under current climate conditions to 
establish equilibrium baseline conditions, after which climatic inputs are altered 
and simulated structural and compositional changes are observed. For equilibrium 
responses, gap models can simply be run for a long period under projected future 
climate conditions. By simulating vegetation responses for a network of plots within 
a region (with suitable initial vegetation states and climatic inputs), gap models can 
also project changes in species ranges and regional vegetation dynamics.

Strengths and Weaknesses of Gap-Replacement Models
The major advantage of gap models is that they explicitly model the basic processes 
that drive forest structural and community dynamics, including tree establishment, 
growth, competition for resources, and mortality. In addition to simulating forest 
succession, they provide information about the ecological processes driving suc-
cession. The projected outcomes and mechanisms can be subjected to validation 
through well-crafted fi eld studies, providing a way to improve model performance 
and increase confi dence in model projections. Their performance can also be 
assessed by comparing model projections to forest succession data from long-term 
monitoring plots (Pabst et al. 2008).

Another advantage of gap models is their fl exibility. Gap models can be adapted 
to new regions and forest types through modifi cation of species pools, defi ning or 
modifying species descriptors, and modifying process parameters. The establish-
ment, growth, and mortality functions can be modifi ed to include locally important 
disturbances (e.g., fi re, insects) or to better represent factors infl uencing establish-
ment, growth, and mortality. Additional processes can be added to accommodate 
new applications (e.g., new disturbance types or stressors) and forest management 
scenarios (Pabst et al. 2008). If necessary, functional relationships can be updated 
as they become better understood. 

The emphasis of gap models on simulating processes that drive forest succes-
sion has also limited their utility for many applications. Properly simulating tree 
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responses to disturbances, resource limitations, and climate requires a theoretical 
or empirical understanding of vegetation-environment relationships that has not 
yet been developed for many species and vegetation types. Although much effort 
has been invested in modeling tree growth, there has been less in formulating 
tree establishment and mortality, although these will certainly be important under 
climate change scenarios (Bugmann et al. 2001). Little or no effort has gone into 
modeling growth, establishment, and mortality for other life forms, such as shrubs 
and herbaceous species. Even climate-growth relationships are not well understood 
for sites where there is no obvious single limiting factor (e.g., upper and lower 
treeline). Relationships also vary among regions and climatic settings. Species 
and process parameters developed for eastern deciduous forests are unlikely to 
work well for simulating forest succession in western coniferous forests. Although 
parameters and response curves can be developed for new species and regions, such 
an effort requires time and resources that are often not available. 

Most gap models are not spatially explicit and assume no interactions among 
simulated plots. This has limited their ability to simulate neighborhood effects on 
seed inputs and other spatial processes within forest stands. This problem has been 
partially resolved in more recent gap models like SORTIE (Pacala et al. 1993), in 
which simulated plots are larger, tree locations are explicitly “mapped,” crown 
shapes conform to available gap sizes and locations, and processes such as competi-
tion and dispersal are modeled as continuous functions (Perry and Enright 2006). 
This increased functionality comes with increased parameterization and computa-
tion costs, however (Perry and Enright 2006), and still does not resolve problems 
with spatial interactions at broader spatial scales. For example, topographic infl u-
ences, sharp climatic gradients, large wildfi res, and seed dispersal processes can 
all produce spatially autocorrelated effects on vegetation dynamics that exceed 
the spatial extent of gap models. Capturing these processes typically requires a 
spatially explicit landscape model (see below). However, gap models can be linked 
with landscape models (e.g., Johnson et al. 2007), and a new class of individual tree 
models can operate at landscape scales (Seidl et al. 2012).  

A major weakness of typical gap models with respect to climate change 
applications has been the lack of information about climatic infl uences on for-
est tree establishment, growth, and mortality, particularly in the juvenile stages 
(seedlings and saplings). In the absence of such information, assumptions must 
be made regarding climate response curves and climatic thresholds associated 
with mortality at different life stages. When gap models were initially applied 
to studies of forest successional responses to disturbance, climatic infl uences on 
tree growth were parameterized based on species geographic distributions, with 
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minimal growth (and mortality thresholds) corresponding to climatic conditions at 
the margins (typically northern and southern limits) and optimal growth associated 
with intermediate climatic conditions. This approach was reasonable for projecting 
successional responses to disturbances in eastern deciduous forests, as it limited 
the pool of potential species to locally adapted species and allowed gap sizes and 
relative shade tolerances among species to drive gap replacement processes. How-
ever, this approach implicitly assumes either a stable climate (which is a problem for 
climate change applications) or the same sort of equilibrium conditions assumed by 
SDMs. The parameterization method was of questionable utility for climate change 
studies, as warming temperatures automatically produced mortality of existing 
forest trees and replacement with species from warmer climates, much the same as 
with statistical species distribution models. Although such a vegetation response 
is certainly possible, a better understanding and modeling of climate-growth and 
growth-mortality relationships would likely produce much less formulaic results 
and be more informative. 

Finally, differences in gap model structure and parameterization can produce 
a broad range of simulated outcomes among models for the same simulation data 
(initial conditions, climate, and species traits), generating considerable uncertainty 
about the reliability of model projections. A review of six gap models in several 
undisturbed European forests found that tree species composition was correctly 
projected under the current climate about half of the time (Badeck et al. 2001). Tree 
species with very wide geographical distributions may differ signifi cantly across 
their range in autecological properties (local adaptation), so local parameteriza-
tion may be required (Badeck et al. 2001). Gap models and input data need to be 
improved to provide a more robust assessment of the effects of climate change 
(Badeck et al. 2001). For example, CO2 interactions with vegetation are not explic-
itly represented in most existing models. Lastly, gap models have largely been only 
applied to forested environments, although the structure of the models, with appro-
priate parameterization, could be applicable to any ecosystem type.  

Using Gap-Replacement Models
Well-designed and locally calibrated gap models could be very useful in stand-to 
landscape-level management planning (tactical). Their focus on individual trees 
and stands allows them to provide estimates of rates and trajectories of change in 
response to disturbances, management treatments, species invasions, or changes in 
climate and atmospheric CO2 concentrations. Their ability to simulate future forest 
responses to a wide variety of disturbances (including management treatments) 
could be useful in evaluating and choosing among alternative treatment options. 
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They could also be useful for improving our understanding of forest species inva-
sion processes, as species with known (or hypothetical) characteristics can be 
introduced to stands with varying initial structure and composition. 

With respect to climate change, gap models appear to be best suited to evaluat-
ing “what-if” scenarios generated by theory, other models, or proposed manage-
ment plans. If the climate at a site became suitable for a new, highly competitive 
species (based on an SDM projection), how long might it take the species to estab-
lish itself and become dominant, and how long might the current species persist? 
How might thinning dry forest stands for restoration and fi re management purposes 
infl uence the sensitivity of those stands to changing climate? If intense summer 
droughts caused dieback of a species (or promoted insect outbreaks), how would 
this alter future stand structure and composition? In some cases, resource managers 
may be comfortable using model simulations as reasonable projections of the range 
of potential outcomes. In other cases, the management questions or simulations may 
raise questions about the adequacy of our knowledge about key processes.

Finally, relationships or outcomes from gap models may be useful for calibrat-
ing landscape models (see below). 

Landscape Models
Introduction to Landscape Models
Landscape models are a class of models that simulate spatial dynamics of vegeta-
tion in response to disturbance and succession (Keane et al. 2004). Some have the 
ability to characterize transient changes in vegetation in response to climate as well. 
They simulate the interactions of vegetation, disturbances, and climate across broad 
spatial scales and through time (Xi et al. 2009). Like gap models, landscape models 
can model successional processes within stands (grid cells), but typically do so with 
less detail than in gap models. Unlike gap models, landscape models are designed 
to allow distance-based spatial interactions in abiotic and biotic processes, such as 
fi res and seed dispersal, among stands or grid cells. Like gap models, landscape 
models were originally developed to investigate the infl uences of disturbances and 
spatial variation in environmental conditions on vegetation (vegetation structure, 
species composition, and landscape spatial patterns) and have subsequently been 
adapted for use in climate change research and planning.

How Landscape Models Work
Landscape models attempt to simulate dynamic interactions among vegetation, 
climate, and disturbances (including management activities). Landscape models 
typically model vegetation changes within a grid of cells (or a cluster of polygons), 
where each cell (polygon) represents a “stand” of some size and the entire grid 
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(cluster) represents a landscape. Individual cells can represent stands of varying 
sizes (Yang et al. 2011), from hundreds of square meters (e.g., 900 m2 in LANDIS 
and LANDSUM) (Keane et al. 2008, Yang et al. 2011) to one or more square 
kilometers (e.g., 1 km2 in LANDIS-2) (Scheller and Mladenoff 2008). Modern land-
scape models can simulate up to 1 million grid cells on a single landscape, thereby 
representing landscape areas of thousands to millions of hectares (Yang et al. 2011).

Vegetation succession is modeled within each grid cell, with the level of 
complexity and the driving processes varying from model to model. At the high end 
of the complexity continuum, a landscape model could include a fully functional 
individual-based gap model or biogeochemical model to simulate vegetation growth 
and compositional changes as a function of climate, disturbances, and site factors 
(e.g., FIRE-BGC, Keane et al. 1996; iLand, Seidl et al. 2012). Other landscape 
models reduce within-cell computing requirements by modeling vegetation struc-
ture and composition simply as a function of time since disturbance or by modeling 
growth of species cohorts rather than individuals (Yang et al. 2011). At the low end 
of the complexity spectrum are landscape models that represent vegetation as a 
collection of predefi ned, static communities that can migrate on the landscape (e.g., 
MAPSS and TELSA) (Kurz et al. 2000, Neilson 1995).

Most landscape models allow explicit representation of multiple spatial pro-
cesses and operate in a spatially explicit environment. A key feature of landscape 
models is the ability to simulate the effects of spatial processes on vegetation 
dynamics within and among stands, and to allow analysis of the resulting landscape 
patterns. Important spatial processes can include disturbances such as fi res, wind-
storms, and insect outbreaks, as well as biological processes such as pollination and 
seed dispersal (Scheller and Mladenoff 2007). Landscape models could also use 
spatial variability in site characteristics like topographic setting, soil properties, or 
biophysical environment to simulate spatial variability in vegetation composition, 
successional patterns, or responses to disturbances or climate.

How Landscape Models Are Applied to Climate Change Issues
As with gap models, some landscape models can address climate change ques-
tions by simulating vegetation responses to various scenarios. If the within-cell 
vegetation succession model allows direct input of climate data, climate data can 
be altered to match projected future conditions under the proposed scenario, with 
multiple simulations used to defi ne a range of outcomes for that scenario. Many 
different types of outcomes could be assessed, including individual species fre-
quencies on the landscape, landscape-level changes in species abundance, patch 
size distributions, or overall landscape heterogeneity or species diversity. Even 
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if climate is not an explicit driver of vegetation succession in a landscape model, 
climate change effects could still be evaluated indirectly by simulating the effects 
of altered processes (e.g., disturbance regimes, seed availability) on vegetation, and 
landscape patterns.

Strengths and Weaknesses of Landscape Models
The primary strength of landscape models is the ability to include spatial processes 
as drivers of vegetation change on landscapes, including disturbances like fi re and 
human activities and seed dispersal and species migration processes. Large dis-
turbances like wildfi res, insect outbreaks, and human management activities often 
initiate vegetation change by killing dominant species or individuals, releasing 
growing space and available resources, and altering microclimate. Seed-dispersal 
processes infl uence migration rates and pathways for species and, in turn, regulate 
rates of potential change in species composition. These spatial processes can signifi -
cantly infl uence vegetation change and landscape patterns, but are largely absent 
from most other types of models. They are also important for modeling transient 
responses to climate change.

Landscape models also benefi t from being, at varying levels of detail, process-
based models. Landscape models can be developed to include simulation of stand 
development or biogeochemical processes, as needed to meet model objectives. 
They can therefore share many of the strengths of gap models and biogeochemical 
models for addressing climate change questions. 

One limitation with landscape models is that they are computationally demand-
ing, forcing users to make choices about the complexity of processes simulated 
within each cell (e.g., stand dynamics, biogeochemical cycling), the number and 
types of spatial processes to be simulated, and the spatial extent of the simulation 
(cell size and number of cells). Although advances in software design and computer 
hardware have improved landscape model capabilities, they still cannot do every-
thing over large areas.

 An even more basic limitation that landscape models share with gap models 
is the lack of basic understanding of the effects of climate on vegetation dynamics, 
disturbances, and their interactions, and on nonforested ecosystems. Simulating 
processes adequately requires basic knowledge about those processes. Parameter-
izing process-rich landscape models for use over large spatial and temporal scales 
requires a great deal of information about species responses to climate, disturb-
ances, drivers of landscape pattern and process, and the spatial and temporal 
scales at which processes are expressed (Perry and Enright 2006). This information 
typically does not exist and must be estimated or omitted. Even fully parameterized 
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landscape models may fail to produce realistic results, particularly if key processes 
are not included in the model. Parameterization problems can be useful for reveal-
ing data and knowledge gaps, but they limit the immediate utility of landscape 
models for addressing climate change questions.

Using Landscape Models
The best use of landscape models may be as tools for designing and testing 
strategies for managing disturbances and landscape patterns, including potential 
interactions with specifi c climate change scenarios. However, as with all models, 
they should not be used to make specifi c projections about future conditions or as 
the basis for making specifi c conservation predictions (Perry and Enright 2006, 
Wennergren et al. 1995). For example, a landscape model might be used to examine 
the effects of projected changes in fi re frequency or extent on landscape patterns. 
Or, it might be used to examine the potential effects of restoration treatments on 
landscape fi re resilience under current and future climate scenarios. It could also 
estimate potential species migration rates across a landscape once climate becomes 
suitable (native or exotic species). Such applications make good use of the ability 
of landscape models to model spatial processes, but do not require the models to 
predict the nature or timing of direct climate change effects on vegetation.

Biogeochemical Models
Introduction to Biogeochemical Models
Biogeochemical models are process-based models that simulate carbon, water, and 
mineral (nutrient) cycles in terrestrial ecosystems, including forests and rangelands 
(Aber and Federer 1992, Running and Nemani 1991, Waring and Running 1998). 
Biogeochemical models are commonly used to simulate ecosystem net primary 
productivity and carbon storage, and this is their primary usage in climate change 
research. Biogeochemical models may also simulate site water balances and nutrient 
availability at varying levels of detail associated with varying spatial and temporal 
scales (Schimel et al. 1997a, 1997b). 

How Biogeochemical Models Work
Biogeochemical models represent sites by describing one or more soil layers (e.g., 
depth, water-holding capacity, fertility), climate (input time series at daily to 
monthly time steps), and any topographic factors that might infl uence waterfl ows 
or solar radiation inputs. Vegetation is generally described in terms of foliage (e.g., 
leaf area index, leaf nitrogen concentration), structural wood (e.g., stems, branches, 
and coarse roots), and fi ne roots. Some biogeochemical models (e.g., Biome-BGC 
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or pNET) treat vegetation on the landscape as a single leaf layer (Aber and Federer 
1992, Boisvenue and Running 2010), while others may simulate multiple canopy 
layers and light attenuation through the canopy. Such models can be parameter-
ized to capture the broad ecophysiological characteristics of plant functional types 
and are generally not species specifi c, or to represent the observed characteristics 
of particular species (e.g., Pietsch et al. 2005). Biogeochemical models “grow” 
vegetation by determining net carbon uptake through photosynthesis and respira-
tion, which is regulated by temperature and availability of light, water, and soil 
nutrients. Growth (carbon) is then allocated to different biomass pools, where it 
may contribute to future resource acquisition (fi ne roots), photosynthesis (foliage), 
or structure (wood). Climate data are input as drivers of ecosystem changes through 
time (Boisvenue and Running 2010), interacting with site environmental conditions 
and vegetation ecophysiological traits. 

How Biogeochemical Models Are Applied 
to Climate Change Issues
Biogeochemical models can be applied to climate change issues by simulating 
transient and equilibrium responses of vegetation and, in some cases, ecosystem 
services to changing climate (Aber et al. 1995). Responses of particular interest 
may include net carbon uptake and storage, site water balances, and changes in sus-
tainable vegetation characteristic (e.g., leaf area index). As with gap and landscape 
models, transient and equilibrium responses to climate change can be studied by 
altering the climate data input stream to refl ect projected future changes in climate 
(with or without a transition period). 

Strengths and Weaknesses of Biogeochemical Models
Biogeochemical models directly address ecosystem responses to climate change 
that are important in natural resources management. Carbon uptake and storage 
directly address questions about the role of forests and rangelands as sources or 
sinks for atmospheric CO2. Estimates of soil water balances and nutrient cycling 
can help inform assessments of climate change effects on water quality and yields. 
Describing vegetation changes in terms of changes in foliage leaf area and nitrogen 
content can also be useful for suggesting ways that vegetation structure and com-
position might be managed to increase resilience to climate change.

Biogeochemical models are relatively amenable to validation, increasing 
confi dence in model projections. For example, model projections of ecosystem 
productivity responses to past climatic variability may be tested against data from 
long-term ecosystem studies, or compared to growth indices derived from tree-ring 
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records. Simulated ecophysiological processes such as photosynthesis and respira-
tion can be measured under fi eld conditions. Soil moisture and runoff can also be 
measured in the fi eld and compared to model projections. As model projections 
improve for past and current conditions, confi dence in future projections improves.

Biogeochemical models that do not consider individual species or biotic interac-
tions make it diffi cult to forecast vegetation responses to climatic changes in terms 
of future species composition or biodiversity. They also do not explicitly model 
spatial processes, but can be incorporated into spatially explicit landscape models 
(e.g., Fire-GBC; Keane et al. 1996) or into dynamic global vegetation models (e.g., 
MC1; Bachelet et al. 2001a). However, unlike other model types, these models can 
be used across a range of ecosystem types (grasslands, woodlands, forests). 

Using Biogeochemical Models
Biogeochemical models are probably best used to simulate climate and manage-
ment effects on site carbon and water balances, and to identify key climatic factors 
limiting ecosystem productivity (environmental stressors). Biogeochemical models 
could also be used effectively in tandem with gap or landscape models to achieve 
additional objectives. 

Dynamic Global Vegetation Models
Introduction to Dynamic Global Vegetation Models
Dynamic global vegetation models (DGVMs) are a class of process models devel-
oped to model ecosystem processes and the distribution of major vegetation biomes 
at continental to global scales. They have been developed primarily for addressing 
questions related to global ecology, biogeography, and climate change, including 
interactions among atmospheric CO2 concentrations, climate, and terrestrial plant 
productivity. Dynamic Global Vegetation models can be run independently using 
historical or future projected climate data, or they can be coupled with GCMs for 
use in generating future climate scenarios. 

How Dynamic Global Vegetation Models Work
Dynamic global vegetation models are mechanistic models that integrate many 
processes—plant biogeography, ecophysiology, biophysics, biogeochemistry, and 
sometimes disturbances and vegetation dynamics—to simulate land-atmosphere 
interactions (Cramer et al. 2001). They simulate changes through time for vegeta-
tion types, not species, where vegetation types are described by properties like 
vegetation height, growth phenology, rooting depth, leaf area index, photosynthetic 
pathway, and stomatal resistance (not species). Climate is one of the main drivers 
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of DGVMs, and climate variables and CO2 are incorporated directly into process 
simulations. 

Dynamic global vegetation models share characteristics with modern biogeo-
chemical models and statistical species distribution models. Like biogeochemical 
models, DGVMs seek to simulate climate and vegetation effects on carbon and 
water cycling. In fact, some DGVMs have directly incorporated biogeochemical 
models into their model structure (e.g., the CENTURY biogeochemical model was 
incorporated into the MAPSS biogeographical model to produce the MC1 DGVM). 
Like species distribution models, some DGVMs simulate shifts in the spatial 
distribution of broad plant functional types (rather than species) by using statistical 
relationships between vegetation types and either climatic conditions or modeled 
vegetation characteristics. 

How Dynamic Global Vegetation Models Are Applied 
to Climate Change Issues
Dynamic global vegetation models have been used to project vegetation responses 
to increasing atmospheric CO2 concentrations and changing climate at global, 
national, and regional scales (Bachelet et al. 2004, Cramer et al. 2001, Pan et al. 
1998, Rogers et al. 2011). As noted above, climate is one of the main drivers of 
DGVMs, and climate variables and CO2 are incorporated directly into process 
simulations.

Strengths and Weaknesses of Dynamic Global 
Vegetation Models
Because processes are specifi ed and constraints on new responses are limited, these 
models may respond well to novel climates. However, many important processes 
are also faster than the minimum model time steps, and simplifi ed equations 
that roughly represent the process must be used instead of detailed mechanisms 
(Neilson et al. 2005). The models are typically evaluated through observation and 
experimentation. 

Dynamic global vegetation models were designed to operate at continental to 
global extents, with individual grid cells representing thousands of square kilome-
ters (Neilson et al. 2005). At such broad scales, climate is often a dominant driver 
of spatial variability in vegetation structure and ecosystem processes. The models 
have also been applied at landscape to regional spatial scales (Rogers 2009, 2011). 
Their use is not limited to one particular ecosystem type or plant functional type, 
so they are broadly applicable. However, their use at fi ner spatial scales could 
greatly increase the uncertainty of model output, as the models often do not simu-
late the infl uence of local drivers on ecosystem processes (e.g., topographic effects). 
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Differences between models are noteworthy and not easily linked to differences in 
model process formulations or model complexity (Cramer et al. 2001). Cramer et al. 
(2001) also noted that regional details of DGMV simulations are not to be taken as 
predictions. Although these models do include some disturbance processes (notably 
fi re), other important processes, such as insect and disease dynamics, are lacking. 
Although all models require some sort of future climate data for parameterization, 
these models are spatially and temporally dynamically coupled to output from 
GCMs, and highly sensitive to GCM output. 

Using Dynamic Global Vegetation Models
These models are best used at the broad global scales for which they were devel-
oped. They can be very useful in combination with GCMs for projecting carbon 
and water fl uxes. They can also be used to make broad-scale projections about the 
capacity of terrestrial ecosystems to take up and sequester (or release) atmospheric 
carbon. They may also be useful for examining possible changes in terrestrial pro-
ductivity and environmental limiting factors in response to future climate change 
scenarios (Neilson et al. 2005).

Dynamic global vegetation models do not appear to be suitable for regional 
planning efforts, although they are being incorporated into other models used for 
planning (e.g., Kerns et al. 2012). Their best contribution would likely be estimates 
of potential sustainable vegetation characteristics (e.g., maximum leaf area), but 
these could be obtained from biogeochemical models as well. The DGVMs do 
not try to model vegetation at the species level, so they are not particularly useful 
for species-level conservation planning. However, some applications have shown 
that DGVMs can be applied to simulate vegetation dynamics on the species level 
(Hickler et al. 2004). As noted earlier, DGVMs generally ignore important local 
drivers of vegetation structure, composition, and productivity (as they should for 
global-scale applications) making results from their application at fi ne spatial scales 
problematic. Adding such drivers would likely convert the model to some form of 
gap-biogeochemical or SDM-biogeochemical hybrid. Indeed, some hybrid models 
have recently been developed to address these concerns (e.g., LPJ-GUESS, Smith 
et al. 2001; HYBRID, Friend et al. 1997). 

Growth and Yield Models
Introduction to Growth and Yield Models
Growth and yield models are used in forest management to estimate future growth 
and yield of forest stands based on site characteristics (e.g., site index) and math-
ematical or statistical representations of tree growth through time. They typically 

Dynamic global 
vegetation models 
do not appear to be 
suitable for regional 
planning efforts, 
although they are 
being incorporated into 
other models used for 
planning.



92

GENERAL TECHNICAL REPORT PNW-GTR-900

model forest growth and biomass accumulation for entire stands or species cohorts, 
but some simulate growth at the tree level. A stand growth model simulates the 
growth, mortality, and other changes in stand composition and structure, and math-
ematically describes the growth and yield of trees and stands. Growth and yield 
models have also been coupled with stand visualization systems to provide visual 
representation of the stand structural conditions being simulated by the models.

How Growth and Yield Models Work
Growth and yield models begin with site information and an initial stand inventory. 
They then simulate forest stand development by growing existing trees, establishing 
new cohorts (given growing space availability), and killing trees based on estab-
lished rules and probabilities. Model parameters can be modifi ed to better suit local 
conditions or to conduct “what-if” investigations.

The Forest Vegetation Simulator (FVS) is widely used in forest management 
applications and can serve as a good example of how modern growth and yield 
models work. The FVS is an individual-tree, semidistance-independent growth and 
yield model (Crookston et al. 2010, Dixon 2002). Inputs include an inventory of site 
conditions and a set of measurements on a sample of trees (e.g., tree size, species, 
crown ratio, recent growth and mortality rates). Outputs include summaries of tree 
volume, species distributions, and growth and mortality rates that are often custom-
ized for specifi c user needs. Model “variants” have been developed for specifi c 
geographic areas of the United States by calibrating model equations to local fi eld 
data. Because it simulates individual trees, FVS can simulate growth and yield 
responses to a wide range of silvicultural treatments across a wide range of forest 
types and initial stand conditions.

How Growth and Yield Models Are Applied 
to Climate Change Issues
Growth and yield models have traditionally assumed static climatic conditions on 
a site and have not incorporated temporal climatic variability into establishment, 
growth, and mortality functions. As such, they have had limited utility for climate 
change applications.

Recently, climate considerations have been integrated into FVS so that stand-
level impacts of climate change can be simulated (Crookston et al. 2010). This was 
accomplished by (1) adding functions that link mortality and regeneration of spe-
cies to climate variables expressing climatic suitability, (2) constructing a function 
linking site index to climate and using it to modify growth rates, and (3) adding 
functions accounting for changing growth rates resulting from climate-induced 
genetic responses. This model incorporates climate by using information and data 
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from the species distribution modeling approach that closely parallels Rehfeldt et 
al. (2006, 2009) (Crookston et al. 2010). It can be argued, however, that in adding 
these climate considerations to a model that was already simulating individual 
trees, FVS is becoming more of a gap or hybrid model. The newest model version 
(2.1) also includes “genetic” variation in the mortality model, largely for species that 
have very large ranges. For example, the modifi cation in version 2.1 will likely kill 
off Douglas-fi r (Pseudotsuga menziesii (Mirb.) Franco) at a given location even if 
Douglas-fi r from elsewhere in the range of the species would grow well. The model 
may regenerate Douglas-fi r in that case under the assumption that the new trees will 
be genetically adapted to the site.

Strengths and Weaknesses of Growth and Yield Models
Growth and yield models have the benefi t of being relatively simple to parameter-
ize and run. To the extent that parameters are derived from local growth and yield 
data, the models can produce reasonably accurate projections for the local area. 
These models have proved to be very useful in forest planning efforts and designing 
silvicultural strategies.

The primary weakness of growth and yield models is the basic assumption of a 
static climate, such that climatic variability is not a driver of establishment, growth, 
and survival. Climate functions simply as an invariant site descriptor. Growth and 
yield models are also most reliable when calibrated against local fi eld data; how-
ever, uncertainties about future climate make it diffi cult to fi nd appropriate model 
parameters to use to simulate future stand growth. Growth and yield models have 
also been developed only for forested stands and species. 

Using Growth and Yield Models
We do not recommend the use of traditional growth and yield models for project-
ing forest responses to climate change. Hybrid models like FVS-Climate may have 
some utility as pseudo-gap models, but this new modeling approach has not yet 
been widely applied and assessed in the literature.
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Chapter 7: Using Model Projections

Chapter 6 highlights the many different types of models that have been developed, 
and continue to be developed, to examine how vegetation may change with future 
climate change. We reviewed the major classes of vegetation models; described 
their basic function, strengths, and weaknesses; and discussed the contribution each 
could make toward understanding and projecting vegetation responses to future 
climatic changes. It is clear from this review that the literature is not mature enough 
at this time to suggest which modeling approach is “best,” or which models within 
a particular approach are “best” although we know some things that are “better” 
(e.g., using direct gradients not proxies). Our assessment revealed numerous caveats 
associated with commonly applied empirical species distribution approaches, and 
suggests that process-based approaches may be more robust to prediction. Yet all 
process models rely on parameter estimates from experimentation or the literature, 
which are themselves estimates. Each equation or parameter input into a model has 
associated uncertainty (Beale and Lennon 2012), which may propagate through the 
model. The more complex the model is, the better it may deal with novel condi-
tions, but the more uncertainty in results there may be with so many parameters 
estimated (Sklar and Hunsaker 2001). Overfi tting a model with lots of parameters 
limits extrapolation into novel condition as well. Despite the potential complexity 
of process models, critical processes may still be omitted (Verboom and Wamelink 
2005). In addition, scale issues, lack of data for parameterization of more species, 
model complexity, lack of management-relevant model output information, and lack 
of species-specifi c output from dynamic global vegetation models (DGVMs) like 
MC1, has often been a barrier to use by the management community. 

Despite the specifi c strengths and weaknesses of the different modeling 
approaches, there are certain caveats specifi c to all the models. For example, most 
of the models do not deal with inertia in vegetation, although some landscape 
models have the capacity to deal with inertia if they are parameterized to include 
climate change. None of the models we examined deal with dispersal or genetic 
adaptation, although some models are starting to do so (Gibson 2011). A new 
generation of models incorporating climate variability along with dispersal and 
establishment are clearly needed (Gray et al. 2006). Most of the models also do 
not incorporate disturbance processes, or may only address fi re. The inclusion of 
disturbance and extreme events in most models is still early in the process (Keane 
et al. 2004, Lenihan et al. 1998, Thonicke et al. 2001). Many models are also often 
used without being calibrated and analyzed for sensitivity and uncertainty (Ver-
boom and Wamelink 2005). And for all models, the more future conditions differ 
from current conditions, the more our understanding of ecological patterns and 
processes will be incomplete and the less accurate our models will be at predicting 
ecological phenomena (Williams and Jackson 2007). 

The more future 
conditions differ from 
current conditions, 
the more our 
understanding of 
ecological patterns 
and processes will 
be incomplete and 
the less accurate 
our models will be at 
predicting ecological 
phenomena.
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Ensemble Approaches
Because there is no consensus on which modeling approach is “best,” ensemble 
approaches, such as used in chapter 8, are important. Ensemble approaches are 
commonly used when looking at climate projections with global climate models 
(GCMs). Such ensemble forecasting using multiple GCMs and multiple vegetation 
models can be used to fi nd consistent projections, which may be more likely to be 
correct (Araújo and New 2007, Bradley 2010). Use of different models in combina-
tion also provides information at multiple taxonomic levels (e.g., species vs. vegeta-
tion type) about how climate might affect vegetation change, and the difference 
between projections and their sources are themselves useful tools with which to 
assess uncertainty (Littell et al. 2011). 

In general, agreement among ecological models with different underlying 
principles and different conceptual approaches when climate inputs are similar (e.g., 
same scenarios), or across multiple climate models and multiple ecological models, 
suggests scientifi c agreement (if not consensus) on sensitivity of the vegetation 
response to climate (Littell et al. 2011). However, model development, lineages, 
and model input data are sometimes shared (e.g., sibling models), so it may be 
important to note that if there is agreement, the models need to be independent 
in their assumptions for potential reductions in uncertainty to hold. In particular, 
species distribution models share a similar conceptual approach and many tend to 
use similar data for training (e.g., Forest Inventory and Analysis data sources for 
tree presence/absence). Thus it is unclear how independent these types of models 
are from each other and not surprising that these models often produce quite similar 
results, despite very different analytical approaches. Agreement among several 
species distribution models may not be as meaningful in terms of uncertainty as 
agreement among species distribution and process models. Moreover, process 
models tend to differ considerably in their conceptual approaches and development 
(e.g., gap models, DGVMs) and to be truly independent of each other. Therefore, 
agreements among several process models may be potentially more meaningful 
than agreement among several species distribution models. 

Frequent disagreement among ecological models when climate is similar 
suggests different assumptions and sensitivities of ecosystem response to climate 
among models. Frequent disagreement in output from a single ecological model 
with variable climate inputs suggests high sensitivity of vegetation to climate model 
input. When models disagree and uncertainty is large, local knowledge, monitoring, 
observations of historical patterns, and knowledge from other sources may help 
decrease uncertainty. Even when models agree, there is a need for local knowledge, 
especially when translating the results into management actions.
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When interpreting and using model output, it is key to try to understand why 
the output may differ so dramatically. Chapter 6 provides some background infor-
mation that can help inform managers about why there might be differences in 
model output. For example, the differences in model output shown may be due to 
the fact that some models contain the disturbance fi re and include processes such as 
nitrogen fertilization (e.g., MC1). However, more than the modeling approaches can 
differ. For example, modelers often develop or downscale their historical climate 
data and future climate data differently. Assessing the exact mechanism of why the 
models differ is a complicated task, which could only realistically be undertaken by 
running the models using similarly generated input data and extensive sensitivity 
analyses. 

Using Model Projections Wisely
Models have been critical for alerting us to the potential magnitude of the effects of 
climate change (Sinclair et al. 2010). Furthermore, while the broad scales and long 
time periods in model simulations make them hard to validate, they also highlight 
the fact that empirical studies are limited in time and space and that models are 
needed to fi ll this gap. Although imperfect, models are necessary for projecting 
future conditions and likely perform better than expert opinion (Verboom and 
Wamelink 2005). The role of models in this context is not to predict the future, 
but rather to help manage uncertainty by narrowing the possible range of futures 
to a subset of plausible futures that pertain directly to vulnerabilities for specifi c 
resources and management objectives (Littell et al. 2011). This is why we often use 
the term “projection” in reference to simulated model output about the future. There 
is always the fundamental problem that extremely simplifying assumptions are 
necessary in modeling exercises (Green and Sadedin 2005). In these cases, simula-
tions are best used to examine general ecological principles rather than predict the 
behavior of a specifi c ecosystem (Green and Sadedin 2005). 

Models may be insuffi cient to answer specifi c management questions at a 
local scale, but can provide insight into the effects of climate change (Guisan 
and Thuiller 2005). Therefore, use of model output is better suited for informing 
strategic decisionmaking or land use planning, rather than tactical stand manage-
ment decisions (Robinson et al. 2008). A hierarchical approach may be useful where 
fi rst the climatic suitability is evaluated, then more specifi c relationships based on 
soils, land use, and other factors can be used to fi ne tune the assessment (Bradley 
2009, Larson et al. 2001, Pearson and Dawson 2003). For example, potential habitat 
suitability can be projected for an invasive exotic species under climate change 
scenarios (Kerns et al. 2009). Combining this information with local information on 

The role of models 
is not to predict the 
future, but rather 
to help manage 
uncertainty by 
narrowing the 
possible range of 
futures to a subset 
of plausible futures 
that pertain directly 
to vulnerabilities for 
specifi c resources 
and management 
objectives.
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the species distribution could alert managers to areas that have a higher probability 
of being invaded and help focus monitoring and early eradication efforts. Modeling 
is also a very good way to clarify policy concerns and begin to identify processes 
that are likely to be important (Perry and Enright 2006). 

Littell et al. (2011) suggested asking the following questions when choosing 
which models to select:

1. Are multiple scenarios and multiple GCMs needed, or is an ensemble mean 
suffi cient? Because it is likely that the mean may not be relevant for impact 
modeling, and that extremes are important, we suggest using multiple GCMs, 
emission scenarios, and multiple vegetation models. 

2. Do the models and emission scenarios selected match the risk framework 
(risk tolerant vs. risk averse)? 

3. Do the models chosen have good fi delity to 20th century observations for the 
region of focus? 

4. Is the spatial and temporal scale of the climate information appropriate to 
planning or decisionmaking? 

5. If downscaled information is being used, is the extra detail both necessary 
and realistic? 

6. How does the scale of information match the detail of the ecosystem impact 
model being used? 
After model selection is complete, keep in mind the best uses of model 

 output (box 7.1).

 Box 7.1. After vegetation model selection is complete, the best uses of   
 simulation model output include (based on Littell et al. 2011):

• Examining general ecological principles and identifying processes that 
are likely to be important.

• Providing insight into the range of potential effects of climate 
change.

• Informing strategic, not tactical decisionmaking.

• Helping to narrow the possible range of futures to a subset relevant 
to vulnerabilities for specifi c resources and management objectives. 

• Clarifying policy concerns.
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Chapter 8: Climate Change 
and Major PNW Biomes

The Pacifi c Northwest supports a diverse array of environmental settings, from dry 
deserts of the interior Columbia Basin to the wet Pacifi c Coast and from warm, 
low-elevation areas to high-elevation alpine and subalpine areas of the Cascade and 
Olympic Mountains. These diverse environments support an equally diverse suite 
of vegetation types, including subalpine forests and meadows, maritime coniferous 
forests, dry coniferous forests, juniper savannahs and woodlands, and shrub-steppe. 
Because each of these vegetation types is associated with distinct climatic condi-
tions, environmental stressors, and disturbance regimes, they are likely to respond 
differently to future climate change. In the following sections, we provide a gen-
eral description of fi ve major vegetation types in the Pacifi c Northwest, highlight-
ing their unique features with respect to climate, vegetation, and disturbance, and 
describe past vegetation changes in response to climate change. We then review 
the relevant fi eld- and model-based research for each vegetation type (key species 
and communities) and highlight key fi ndings, projections, and uncertainties about 
vegetation responses to future climatic changes.

In particular, we seek to answer the following questions:
1. What are the major climate-related factors limiting vegetation growth, 

reproduction, and survival and how are they likely to change?

2. What are the dominant climate-related disturbance regimes and how are 
they likely to change?

3. What do we know about vegetation sensitivity and adaptation to elevated 
carbon dioxide (CO2) and climatic variability?

4. What are the likely vegetation responses to changing CO2 and climate?

Synthesis of Model Projections for 
the Pacifi c Northwest
We synthesized model projections by biome from relatively recent and peer-
reviewed literature (although level of peer review differs). Table 8.1 summarizes 
the data sources we used with brief information about the global climate models 
(GCMs) and vegetation models. We combined projections of vegetation change 
from these different types of models, essentially creating a qualitative ensemble 
of projections. Table 8.2 provides a summary ensemble of projected responses for 
some key Pacifi c Northwest species to climate change by the end of the 21st century 
based on multiple model output. This summary is based on a qualitative assess-
ment using classes: some loss, moderate loss, major loss, no habitat remaining, 
some gain, moderate gain, major gain, or little to no change, or shift in habitat. We 
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examined only a handful of representative species within each biome, and only 
included models with suffi cient spatial information to examine output by biome 
(see table 8.2). Background information about the vegetation models used to project 

Table 8.2—Projected response of some key Pacifi c Northwest species to climate 
change by the end of the 21st century based on multiple model output  

     List of   
     model   
     output 
Biome Key species Projected response (table 8.1)

Subalpine forests
 Unspecifi ed Major to total loss 5
 Abies lasiocarpa Moderate to total loss 1, 2, 3, 9
 Tsuga mertensiana Increase to total loss, 
    some shifts 1, 2, 3, 9
 Pinus albicaulis Increase to total loss, 
    some shifts 1, 2, 3, 9
Maritime coniferous
  forests Unspecifi ed Moderate to major loss 5
 Pseudotsuga menziesii No change to total loss 
 Tsuga heterophylla Increase to total loss, 
    some shifts 1, 2, 3, 6a, 9
 Abies grandis Moderate to total loss 1, 2, 3, 6a, 9
 Thuja plicata No change to total loss, 
    some shifts 1, 2, 3, 9
 Picea sitchensis Some to total loss 1, 2, 3, 9
Dry coniferous forests   
 Unspecifi ed Moderate to major gain 5
 Pinus ponderosa Moderate to total 
    loss; gains 1, 2, 3, 7, 9
 Pinus contorta Moderate to total loss 1, 2, 3, 8, 9
 Pseudotsuga menziesii No change to total loss 1, 2, 3, 9
 Abies grandis Moderate to total loss 1, 2, 3, 9
 Populus tremuloides Total loss 3b

Savannas and wood-
  lands
 Unspecifi ed Moderate to major gain 5
 Juniperus occidentalis Moderate to total loss 1, 2
 Quercus crysolepsis Highly variable 1, 2, 3
 Quercus garryana Highly variable 1, 2, 3
 Quercus kelloggii All show shifts, 
    mostly gains 1, 2, 3
Note: Model output refers to climate habitat, rather than actual species range. Loss of habitat is based on a 
qualitative assessment and ranked into classes: some loss, moderate loss, major loss, no habitat remaining, 
some gain, moderate gain, major gain, little to no change, or shift in habitat. Details on models and sources are 
provided in table 8.1. Some of the models listed in table 8.1 are not summarized in this table because of the lack 
of spatial information associated with the maps. 
a Note that the Busing et al. (2007) projections only go to the middle of the century. 
b Only one model was available for assessment. Random Forests and ANUCLIM (models 1, 2 in table 8.1) have 
data available for this species but do not project suitable climate in the Cascades for this species under historical 
(current) conditions. 
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future response of vegetation to climate is summarized in chapter 6. We tried to 
assess only output across common GCMs and emission scenarios, but that was not 
practical given the wide variety of scenarios that researchers have used. We also 
limited our assessment to recent models and scenarios associated with the Intergov-
ernmental Panel on Climate Change (IPCC) fourth assessment report (IPCC 2007), 
although there was an exception. It is important to note that differences in projected 
changes in temperature and especially precipitation in the Pacifi c Northwest differ 
more among GCMs than among emissions scenarios. The emissions scenarios 
and climate models used in the next IPCC assessment will refl ect this. We also 
limited our assessment to the A2 or A1FI emission scenarios as these scenarios 
have higher emissions and demonstrate potential “worst case scenarios.” If the A2 
emission scenario was not used for a particular effort (e.g., ForCASTS), then we 
selected the scenario with the highest future CO2 emissions. Although the A2 and 
A1FI emission scenarios may represent the worst case scenario compared to other 
scenarios, current trajectories of greenhouse gas emissions are either at the upper 
end or surpass these scenarios (Raupach et al. 2007). Therefore, it is unclear if these 
scenarios really represent a “worst case.” Only the MC1 model output from Rogers 
et al. (2011) included any disturbance processes, and only fi re was modeled. 

Subalpine Forests and Alpine Meadows
General Description
Within the Pacifi c Northwest, subalpine forests and alpine meadow vegetation 
occupy high-elevation sites in the Cascade, Olympic, and Rocky Mountains and the 
Okanogan Highlands. We defi ne subalpine forests as high-elevation forests with 
short growing seasons produced by deep, persistent winter snowpack (5 months or 
longer, on average) and relatively cool summer temperatures. This includes primar-
ily the mountain hemlock (Tsuga mertensiana (Bong.) Carriere) forest zone in the 
western Washington and Oregon Cascades, Olympic Mountains, and northern 
Rocky Mountains, and the subalpine fi r (Abies lasiocarpa (Hook.) Nutt.) forest zone 
of the eastern Washington and Oregon Cascades, Rocky Mountains, and Okanogan 
Highlands. Commonly associated tree species include Pacifi c silver fi r (Abies ama-
bilis (Douglas ex Loudon) Douglas ex Forbes), Alaska yellow cedar (Chamaecyp-
aris nootkatensis (D. Don) Spach), Engelmann spruce (Picea engelmannii Parry ex 
Engelm.), lodgepole pine (Pinus contorta Douglas ex Loudon), whitebark pine (P. 
albicaulis Engelm.), and subalpine larch (Larix lyallii Parl.) (Franklin and Dyrness 
1973). Alpine meadow vegetation includes the heath shrub (Phyllodoce-Cassiope-
Vaccinium), lush herbaceous (Valeriana sitchensis Bong.-Carex spectabilis Dewey), 
dwarf sedge (Carex nigricans C.A. Mey), rawmark and low herbaceous, and grass 
(Festuca viridula Vasey) communities (Franklin and Dyrness 1973). 
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The climate in the subalpine and alpine zones is characterized by cold, wet win-
ters, and mild, relatively dry summers. Mean annual precipitation in the subalpine 
and alpine zones varies considerably across the west-to-east gradient from highest 
amounts in the Olympic Mountains and western Cascades, to lesser amounts in the 
eastern Cascades, Okanogan Highlands, and Rocky Mountains. In all cases, how-
ever, much of the cool season precipitation falls as snow and is stored in a persistent 
snowpack that typically forms in November and December and persists until June 
or later. 

Environmental Controls
Subalpine forests and alpine meadows are characterized by relatively short grow-
ing seasons, low air and soil temperatures, and slow nutrient cycling rates. Short 
growing seasons are primarily the result of late-melting snowpack throughout much 
of the region, while cool air and soil temperatures become more important from 
west to east. Cool soil temperatures limit nutrient cycling rates, which could lead to 
nitrogen limitations on growth and reproduction.

Deep, late-melting snowpack and cold soils have a strong infl uence on plant 
fl owering and growth phenology in subalpine forests and alpine meadows (Canaday 
and Fonda 1974; Dunne et al. 2003; Inouye 2008; Worrall 1983, 1993). Worrall 
(1983) found that budburst in subalpine fi r and Pacifi c silver fi r plantations varied 
considerably from year to year, apparently in response to differences in the tim-
ing of snowmelt and soil heating. Subalpine fi r budburst preceded that of Pacifi c 
silver fi r, indicating a lower temperature threshold for accumulating heat sums that 
trigger budburst (Worrall 1983). Budburst phenology in subalpine larch appears to 
be controlled primarily by air temperatures, as leaves commonly emerge while the 
snowpack is still present (Worrall 1993). Cessation of growth and cold hardening in 
true fi rs (Abies spp.) and other subalpine tree species has generally been attributed 
to a combination of day length (photoperiod) and nighttime air temperatures, so 
that snowpack duration is also correlated with growing season length for these 
species (Worrall 1983, but see also Worrall 1993 for a possible exception). 

Snowpack melting and subsequent soil heating have been shown to infl uence 
fl owering, growth phenology, and vegetation community patterns in alpine mead-
ows. Snow removal and soil heating manipulations have shown that both factors 
infl uence the timing of fl owering in alpine meadows (Dunne et al. 2003, Inouye 
2008). Spatial variability in snowpack persistence infl uences fl owering and growth 
phenology within species and, to the extent that spatial patterns of snowmelt are 
consistent among years, also infl uences species composition and community types 
in alpine meadows (Canaday and Fonda 1974, Evans and Fonda 1990).

Subalpine forests 
and alpine meadows 
are characterized by 
relatively short growing 
seasons, low air and 
soil temperatures, and 
slow nutrient cycling 
rates.
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Interannual variability in subalpine tree growth has often been linked to 
effective growing season length. Tree ring studies of subalpine conifers often fi nd 
that annual diameter increment is negatively correlated with winter precipitation or 
spring snowpack depth (Ettl and Peterson 1995b; Graumlich and Brubaker 1986; 
Heikkinen 1985; Peterson and Peterson 1994, 2001; Peterson et al. 2002), particu-
larly in the western subalpine zones that receive more winter precipitation and 
develop deeper snowpacks. Summer drought may also be a common factor limiting 
growth in some of the drier, interior subalpine forests (Ettl and Peterson 1995b, 
Peterson and Peterson 2001, Peterson et al. 2002). 

Growing season length and summer drought also infl uence subalpine tree 
reproduction, establishment, and mortality particularly at upper treeline. Woodward 
et al. (1994) found that the production of large cone crops in subalpine fi r and 
mountain hemlock were infl uenced by multiyear patterns of climatic variability, 
including factors associated with prior-year growing season length. Seedling 
demographic studies have shown that regeneration is often episodic in subalpine 
forests and alpine meadows and associated with decadal climatic variability. Tree 
invasions of subalpine meadows in the western Cascades and Olympics during the 
20th century have been attributed to extended periods (up to a decade or more) of 
warm temperatures, earlier snowmelt, and extended growing seasons (Fonda and 
Bliss 1969, Franklin et al. 1971, Heikinnen 1984, Taylor 1995, Zald et al. 2012). Late 
summer soil moisture can also infl uence regeneration, as studies have associated 
successful seedling establishment on drier subalpine sites with a combination of 
early snowmelt, mild summer temperatures, and above-average summer precipita-
tion that produces a longer growing season while limiting late summer soil water 
defi cits (Little et al. 2004, Taylor 1995, Woodward et al. 1995). Bigler et al. (2007) 
investigated possible linkages between regional drought and subalpine tree mortal-
ity and found that mortality rates for subalpine fi r and Engelmann spruce increased 
for up to a decade following drought, but lodgepole pine appeared to be more 
drought-resistant.

Air and soil temperatures also infl uence physiological processes and growth 
in trees, organic matter decomposition, and soil nutrient cycling. Cold soil and air 
temperatures limit photosynthesis outside of the growing season (Runyon et al. 
1994). Low nighttime temperatures during the growing season can inhibit pho-
tosynthesis in subalpine conifer seedlings for up to several days, thereby limiting 
carbon uptake (Germino and Smith 1999, Johnson et al. 2004). Cold soils can limit 
leaf water conductance and photosynthesis (Day et al. 1989, Teskey et al. 1984). 
However, because temperature limitations on growth are stronger than temperature 
limitations on photosynthesis, growth may be considered temperature rather than 
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carbon limited in subalpine forests (Grace et al. 2002, Harsch and Bader 2011). Cold 
soils also limit belowground biological processes associated with organic matter 
decomposition and nutrient cycling, thereby limiting nutrient availability to support 
plant growth (Hobbie 1996). 

Biotic Interactions
Facilitation plays an important role in plant establishment and survival in subalpine 
and alpine communities, with its importance increasing from sites with lower to 
higher stress levels (Callaway et al. 2002, Smith et al. 2003). Highly stress-tolerant 
conifers in subalpine and alpine meadows can facilitate establishment by less 
tolerant (but potentially more competitive) tree species by ameliorating stress from 
deep snowpack, cold temperatures, or high light levels, or by reducing competition 
from herbaceous vegetation (Bansal et al. 2011, Little et al. 1994, Smith et al. 2003, 
Stueve et al. 2009, Zald et al. 2012). For example, subalpine fi r trees are often able 
to establish under the canopies of large subalpine larch or whitebark pine trees and, 
being more shade tolerant, may later be able to grow up through the canopy and 
overtop the pioneer tree (Arno and Habeck 1972, Tomback et al. 2001). 

Mutualistic relationships can also be important in subalpine and alpine veg-
etation communities. Presence of mycorrhizal fungi can help determine plant 
community composition and primary succession following glacial retreat in alpine 
ecosystems (Cázares et al. 2005, Jumpponen et al. 2012). The Clark’s nutcracker 
(Nucifraga columbiana) depends on seeds from whitebark pine trees as a major 
part of its diet. In collecting and storing seed for later use, the bird disperses and 
“plants” the seeds, with an apparent preference for sites with early snowmelt (and 
hence greater accessibility).

Disturbances
Large-scale disturbances are infrequent in the subalpine and alpine zones but 
can still play an important role in shaping vegetation. Wildfi res are infrequent in 
subalpine forests, as deep snowpacks produce a very short fi re season, fuels are 
often wet, and spatial discontinuities can inhibit fi re spread (Agee 1993). However, 
forest vegetation can be dramatically altered by rare wildfi re events, as recovery 
from stand-replacing wildfi res can be very slow (Little et al. 1994). In fact, it can 
take decades to centuries for tree reestablishment in burned subalpine forests that 
do not include lodgepole pine (Agee and Smith 1984, Little et al. 1994). Wildfi re has 
probably played an important historical role in creating or maintaining subalpine 
and alpine meadows (Griggs 1938, Kuramoto and Bliss 1970). Recovery of subalpine 
forests following wildfi re probably requires nearby seed sources, an extended 
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period of favorable climate, and favorable biotic and abiotic microsite conditions 
(Bansal et al. 2011, Stueve et al. 2009, Zald et al. 2012). 

Responses to Elevated CO2 and Climate Change
Across all scenarios, species distribution models (models 1 through 3, table 8.1) 
project that the suitable climate available for most key subalpine species will be 
moderately reduced to nonexistent by the end of the century (table 8.2). Suitable 
climate is either nonexistent or only available in the far northern Cascade Moun-
tains at high elevations. Similarly, output from MC1 (model 5, table 8.1) shows that 
the subalpine forest type will be severely reduced in the future, with only a very 
minor amount of this type remaining in the northern Cascade Mountains for a 
relatively cool and wet scenario (CSIRO A2). Interpretation of model output from 
the species distribution models and MC1 are quite similar. For the 3-PG hybrid 
model (model 9, table 8.1), projections were in agreement for subalpine fi r (Abies 
lasiocarpa (Hook.) Nutt.). However, the model projected that mountain hemlock 
habitat may actually increase to the west in Oregon, and whitebark pine may have 
more suitable habitat in interior Washington and southern Oregon. It is apparent 
that there is some model agreement on the sensitivity of the subalpine forest eco-
system responses to similar future climate scenarios, that this ecosystem might be 
highly vulnerable to climate change, and that the northern high-elevation Cascade 
Mountains may serve as refugia for subalpine species. Although there is some 
disagreement among the models, there is more model agreement for this biome than 
any other biome examined. Note that information regarding the nontree (meadow) 
alpine component of alpine systems is lacking. 

Projected model results suggest that this forest type may be severely reduced 
in the future. However, results from experimental and observational studies are 
not as clear and even suggest potential contrary responses. Warming temperatures, 
reduced snowpack accumulations, and earlier snowmelt are likely to produce sig-
nifi cant changes in alpine and subalpine vegetation over time, including changes in 
plant growth phenology, establishment and persistence of trees in current meadow 
communities, and establishment of alpine meadow vegetation in new habitats 
exposed by melting snow and ice. Earlier snowmelt will facilitate earlier soil warm-
ing and likely shift plant fl owering and growth phenology earlier in the growing 
season. This will increase mean growing season length but could also expose plants 
to early season frost damage (Martin et al. 2010). Longer growing seasons should 
also promote tree seedling establishment in subalpine meadows on snow-dominated 
sites, as occurred during warmer periods in the last century (Franklin et al. 1971, 
Taylor 1995, Woodward et al. 1995). 
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The effects of warming and earlier snowmelt on treeline and alpine meadow 
advance are less clear. Migration of tree species or alpine meadow communities 
to higher elevations or into previously hostile microtopographic positions may be 
limited by the simultaneous development of the soil fungal communities needed 
for mycorrhizal associations. Facilitation may also be limited if benefactor trees 
and shrubs are not yet established. On the other hand, release of previously sup-
pressed tree seedlings and saplings could allow rapid development of new tree 
clumps within subalpine meadows as well as rapid advance of the forest line. Strong 
treeline advances have been found in some areas, such as Mount Rainier National 
Park (Stueve et al. 2009), but treeline responses to recent warming have been 
inconsistent (Harsch et al. 2009). The infl uence of broad-scale climate on treeline 
is modifi ed by the local environment, orographic and edaphic factors, and distur-
bances (Holtmeier and Broll 2005). 

Warming temperatures and elevated CO2 could also increase carbon uptake and 
growth by subalpine forest trees. Warmer summer nighttime temperatures should 
reduce the frequency of cold-temperature photoinhibition, thereby increasing 
photosynthetic carbon fi xation. Warmer summer temperatures, elevated CO2, and 
increased nutrient availability could also increase subalpine tree growth. Tree ring 
studies have linked decadal trends in past tree growth rates to decadal fl uctuations 
in summer temperatures (Graumlich et al. 1989, Peterson and Peterson 2001), but it 
is unclear how much summer temperatures could increase before growth became 
limited by other factors (e.g., soil water). Experimental tests of warming and CO2 
enrichment effects suggest that responses differ among species, which could also 
infl uence community structure (Dawes et al. 2011, Lambrecht et al. 2007). 

Maritime Coniferous Forests
General Description
Evergreen coniferous forests currently occupy much of western Oregon and Wash-
ington, occupying low to middle elevations between the Pacifi c Ocean and the 
Cascade Mountains. Deciduous broadleaf forests are also common in the region but 
are mostly limited to recently disturbed forests (e.g., red alder [Alnus rubra Bong.] 
and bigleaf maple [Acer macrophyllum Pursh]) or stressful sites (e.g., Oregon white 
oak [Quercus garryana Douglas ex Hook.]) (Franklin and Dyrness 1973). For this 
discussion, we consider forests of the Sitka spruce (Picea sitchensis Bong.) Zone, 
western hemlock (Tsuga heterophylla (Raf.) Sarg.) Zone, and lower portions of the 
Pacifi c silver fi r Zone (see Franklin and Dyrness (1973) for indepth descriptions 
of these forest types). We do not explicitly include the moist coniferous forests of 
the Selkirk Mountains in northeastern Washington, but note that they have similar 
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characteristics to maritime coniferous forests of the western Cascade Mountains in 
terms of environmental conditions, disturbance regimes, and forest species compo-
sition.

Maritime coniferous forests are characterized by strong conifer dominance, 
great size and longevity for dominant trees, and high forest productivity and 
biomass accumulation. The dominant species in this region (e.g., Douglas-fi r [Pseu-
dotsuga menziesii (Mirb.) Franco], western hemlock, and Sitka spruce) can achieve 
great heights (up to 50 to 75 m) and large diameters (1 to 2 m) and are generally 
long lived with lifespans of 400 to 800 years (Franklin and Dyrness 1973). These 
forests can be highly productive and retain high productivity for centuries, resulting 
in high biomass accumulations (both above- and belowground). These forests also 
accumulate large amounts of coarse woody debris, making them especially well- 
suited for sequestering large amounts of carbon per unit area.

Maritime coniferous forests are supported by a maritime climate that features 
high annual precipitation, most of which falls as rain during the winter and spring 
(November through April), mild winter temperatures, and relatively mild, dry 
summers. Although maritime coniferous forests all receive considerable precipita-
tion, there is considerable variability within the region; for example, precipitation 
at selected sites in the western hemlock zone ranges from about 145 to 321 cm per 
year (Franklin and Dyrness 1973). Mean annual temperatures also vary consider-
ably within this region. This shows that although maritime coniferous forests are 
favored by certain climatic features, they are able to tolerate a fairly wide range of 
environmental settings. Snowpack water storage does not play a signifi cant role in 
most of these forests.

Environmental Controls
Photosynthesis, net primary productivity, and tree growth are limited primarily by 
vapor-pressure defi cits, low soil water availability, and freezing temperatures in the 
winter (Runyon et al. 1994). Mild, wet winters favor evergreen conifers by allow-
ing them to assimilate much of their annual carbon requirements during the cool 
months (fall, winter, and spring) when deciduous trees have no leaves (Waring and 
Franklin 1979). Cold winter temperatures reduce photosynthesis, which can also 
impact growth and productivity by reducing carbon reserves (Gholz 1982, Runyon 
et al. 1994).

Dry summers with high vapor pressure defi cits and low precipitation limit 
summer photosynthesis and productivity in maritime coniferous forests but also 
favor conifers over temperate deciduous tree species owing to differences in 
hydraulic architecture, stomatal conductance, water storage capacity, and rooting 
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depths (Waring and Franklin 1979). Warm temperatures coupled with low humid-
ity during the summer growing season can create high vapor pressure defi cits, 
which can reduce photosynthesis by inducing partial or complete stomatal closure. 
Severe soil water defi cits are uncommon, but evaporative demand can often exceed 
rates of water uptake, requiring trees to reduce leaf water conductance through 
stomatal closure or make use of internal water stores to buffer diurnal fl uctuations 
in demand. Tree ring studies have shown that interannual variability in tree growth 
is positively correlated with summer soil moisture (Case and Peterson 2005; Chen 
et al. 2010; Little et al. 1995, 2008). Site water balance also appears to control the 
distribution of some important species, like western hemlock (Gavin and Hu 2006).

Photosynthesis and productivity could also be considered to be light-limited 
in much of the maritime coniferous forest zone, at least during certain seasons. 
Studies of maritime coniferous forests in western Oregon suggest that undisturbed 
forests develop high leaf area index values that allow them to intercept more than 
90 percent of incident photosynthetically active radiation (IPAR) and that leaf area 
is positively correlated with mean site water balance (Grier and Running 1977, 
Runyon et al. 1994). Standing biomass and productivity increase with increasing 
leaf area, except at very high levels (Gholz 1982). It appears that maritime conifer-
ous forests develop toward canopy structures and leaf area indices that maximize 
light capture subject to the constraints imposed by site water availability (Grier 
and Running 1977). Interannual variability in IPAR could therefore infl uence net 
primary productivity (indicating a light limitation), unless changes in IPAR are 
strongly correlated with changes in vapor pressure defi cits, soil water availability, 
or winter temperatures.

Finally, there is evidence for nutrient limitations on growth in Douglas-fi r for-
ests of western Washington and Oregon. Studies have shown that fertilization treat-
ments increase forest productivity in Douglas-fi r stands and that fertilization can 
increase productivity more than supplemental water (Gessel et al. 1990). Although 
nitrogen enhancement could increase leaf area somewhat, the primary benefi t of 
fertilization might be to increase photosynthetic rates and light-use effi ciency. Such 
an effect could be important if warming temperatures or elevated CO2 increase 
nutrient cycling rates and nutrient uptake rates.

Biotic Interactions
Competition for light is the dominant biotic interaction in maritime coniferous 
forests, though facilitation may be important as forests recover from severe dis-
turbances. Early successional species like Sitka spruce and Douglas-fi r maintain 
access to light by growing tall and persisting for up to hundreds of years. Forest 
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succession favors species that can establish and persist under low light levels, 
eventually reaching the overstory canopy through slow growth (given a less dense 
canopy) or through a canopy gap replacement process. 

Disturbances
The major disturbances in maritime coniferous forests include timber harvesting, 
windstorms, land use changes, and high-severity wildfi res. High forest productivity 
and high timber values have led to extensive harvesting of old- and second-growth 
forests and replacement of mixed-species forests with single-species plantations. 
Human population growth and economic development have led to replacement of 
large areas of forest by agriculture, housing, and urban infrastructure (e.g., roads, 
stores, factories, and offi ce buildings). 

Wind and wildfi re are the primary natural disturbances. Wind can cause 
signifi cant tree mortality, particularly in late fall and winter, when windstorms 
occur in conjunction with heavy rains or wet snow, saturated soils, and ice storms. 
Although most wind disturbances involve individual trees or small groups of trees 
(gap processes), large blow-down events also occur periodically. Wildfi res are rela-
tively rare in these forests owing to mild temperatures, high fuel moisture levels, 
and very low levels of natural ignitions (e.g., lightning ignitions are uncommon). 
However, high levels of coarse woody debris, litter, and live biomass can produce 
occasional large, high-severity wildfi res when ignitions coincide with favorable fi re 
weather and dry fuel conditions (Agee 1993). 

Responses to Elevated CO2 and Climate Change
Species distribution models (models 1–3, table 8.1) projected that most species 
would have less suitable climate habitat by the end of the century with changes 
occurring by the midcentury, even for models that project less warming such as 
CSIRO. Climate habitat losses are primarily in the south and west, while climate 
habitat remains in the north and for the Cascade Mountains. Model output from 
MC1 (model 5, table 8.1) projected moderate to more extreme loss of this vegetation 
type, particularly for the HADCM3 model, which is considered a comparatively 
warm (especially summer) and dry GCM (Rogers et al. 2011). Losses are largely 
in the southern and eastern part of the existing climate habitat for MC1. The 3-PG 
hybrid model (model 9, table 8.1) projects little change for Douglas-fi r, western 
redcedar (Thuja plicata Donn ex D. Don), and Sitka spruce and only a slight 
decrease for western hemlock. Model output from FORCLIM (Busing et al. 2007, 
model 6, table 8.1) indicated no change in forest dominance as of 2050 for either 
future scenario for Douglas-fi r or western hemlock. It is apparent that there is some 
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model agreement that this ecosystem is somewhat vulnerable to climate change, 
particularly the southwestern part of the region. 

Projected model results suggest that this forest type may be reduced in the 
future, particularly in the southern part of the region. However, there was limited 
model agreement, and some models predicted little to no change for this forest type. 
Important aspects of future climate change for maritime coniferous forests prob-
ably include the effects on winter temperatures, seasonal precipitation patterns and 
amounts, vapor pressure defi cits, and perhaps elevated CO2. Winter temperatures 
are already mild in this zone. Warmer fall, winter, and spring temperatures would 
further enhance the mildness of Pacifi c Northwest winters, potentially enhancing 
cool-season photosynthesis and nutrient cycling. The Pacifi c Ocean would likely 
continue to ameliorate temperature extremes, generate coastal fog, and promote 
high levels of annual precipitation in coastal areas, maintaining suitable habitat for 
Sitka spruce forests, but this is not certain. Reduced snowfall and winter snowpack 
accumulation could also allow slow expansion of western hemlock into the Pacifi c 
silver fi r zone.

Warmer winter temperatures could also alter the phenology of Douglas-fi r 
shoot growth, with implications for tree growth and forest productivity. Although 
warmer temperatures are typically associated with earlier budburst and longer 
growing seasons, fi eld studies and subsequent phenological models suggest that 
substantially warmer winter temperatures could delay spring budburst in Douglas-
fi rs because chilling requirements that serve to prevent premature budburst would 
not be met (Bailey and Harrington 2006, Campbell and Sugano 1979, Harrington et 
al. 2010). Predicted temperatures are still within a suitable range to allow Douglas-
fi r to maintain dominance in these wet coniferous forests (Dale and Franklin 1989, 
Franklin and Dryness 1973), but populations may need to adapt their phenological 
cues to match changing climatic conditions.

Warmer summer temperatures could affect maritime coniferous forests by 
increasing vapor pressure defi cits, stomatal conductance, and transpiration (Apple 
et al. 2000); reducing soil water availability; and increasing the length or intensity 
of the summer dry period. Douglas-fi r productivity could decline with warming 
temperatures at severely moisture-limited sites, while increasing at high-elevation 
sites (Case and Peterson 2005; Littell et al. 2008, 2010). Elevated CO2 levels and 
changes in nutrient availability could alter these simple responses to temperature 
and moisture, however, by altering water- and light-use effi ciency. For example, 
Lewis et al. (2004) reported that elevated temperatures increased needle nitrogen 
concentrations and net photosynthesis in Douglas-fi r seedlings, while elevated CO2 
increased photosynthetic rates.
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The effects of changing climate on precipitation patterns are likely to signifi -
cantly infl uence vegetation responses in these forests. Increases in precipitation (and 
humidity) outside of the winter months could help to offset the effects of increasing 
temperatures on vapor pressure defi cits and soil water availability, with subsequent 
effects on productivity. Unfortunately, this remains an area of great uncertainty.

Extending the summer dry period could also increase wildfi re frequencies in 
the maritime coniferous forests (Littell et al. 2010). However, even with warmer 
temperatures and shorter fi re-return intervals, most maritime coniferous forests 
would continue to support low-frequency, high-severity fi re regimes. In addition, 
the primary effect of severe fi re is to reduce total standing biomass rather than 
change forest composition, as forests usually recover well after individual wildfi res 
(Franklin and Dryness 1973).

Dry Coniferous Forests
General Description
The dry coniferous forest biome occupies the lower to middle elevations of the 
eastern slopes of the Cascade Mountains; the Okanogan Highlands and Rocky 
Mountains in eastern Washington; and the Blue, Ochoco, and Wallowa Mountains 
in eastern Oregon (Franklin and Dyrness 1973). Dry coniferous forests in this 
region typically feature ponderosa pine (Pinus ponderosa Lawson & C. Lawson) 
and Douglas-fi r as early seral dominant species, but may also include signifi cant 
components of true fi rs (Abies grandis [Douglas ex D. Don] Lindl., A. concolor 
[Gord. & Glend.] Lindl. Ex Hildebr., A. magnifi ca A. Murray bis, and A. lasio-
carpa), western larch (Larix occidentalis), western white pine (Pinus monticola), 
lodgepole pine, and western redcedar (Thuja plicata) (Franklin and Dyrness 1973). 
In eastern Oregon, western juniper (Juniperus occidentalis Hook.) often occupies 
the ecotone between the dry coniferous forest and interior steppe biomes (Franklin 
and Dyrness 1973). Dry coniferous forests also occupy much of the forested area in 
the Klamath Mountains of southwestern Oregon, though they often also contain a 
signifi cant component of deciduous trees and shrubs. 

The climate of the dry coniferous forest biome varies with elevation, but com-
mon features include warm, dry summers, with warm to hot daytime temperatures 
and cool nighttime temperatures, and cold, moist winters. Much of the annual 
precipitation falls as snow in winter or during spring rainstorms. Mean annual 
precipitation can range from about 35 cm per year in ponderosa pine forests to over 
100 cm per year in mixed-conifer forests. Most dry coniferous forests in the region 
support a persistent winter snowpack, but the mean duration of the snowpack varies 
from about 1 to 5 months, depending on elevation and winter temperatures. The 
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snowpack serves to store winter precipitation onsite and transfer it to soil water 
storage during spring snowmelt. 

Environmental Controls
Dry coniferous forests experience a signifi cant period of summer drought every 
year during which high vapor pressure defi cits and low soil water availability limit 
tree establishment and growth (Barrett 1979, Boisvenue and Running 2010, Runyon 
et al. 1994). In some ponderosa pine forests, regeneration pulses are associated with 
one or more consecutive wet years (Barrett 1979, Brown 2006). Drought stress is 
prevalent, but most species are adapted to dry summers. Interannual variation in 
tree growth is positively correlated with precipitation or negatively correlated with 
summer temperatures for ponderosa pine (Carnwath et al. 2012, Knutson and Pyke 
2008, Kusnierczyk and Ettl 2002), Douglas-fi r (Carnwath et al. 2012, Case and 
Peterson 2005, Chen et al. 2010, Griesbauer and Green 2010, Littell et al. 2008), 
and lodgepole pine (Case and Peterson 2007). There is little evidence that summer 
drought is the direct cause of signifi cant tree mortality; rather, drought may indi-
rectly cause mortality through its effects on wildfi res and forest health.

Cold winter temperatures also limit forest productivity by limiting winter 
photosynthesis and increasing the importance of cold hardening and frost tolerance 
(Runyon et al. 1994). Growth is largely confi ned to spring and early summer, when 
mild temperatures and high soil moisture availability produce favorable conditions.

Biotic Interactions
Facilitation and competition both infl uence vegetation dynamics in dry coniferous 
forests. Competition for soil water is undoubtedly the primary form of competition, 
as annual soil water defi cits force plants to either compete directly or partition soil 
water use in time and space. For example, many forbs and grasses complete their 
annual growth and reproduction in the spring and early summer, when soil water 
is relatively abundant. Trees (and some shrubs) can extend the growing season by 
tapping into deep soil water resources. 

Facilitation is probably most important during seedling establishment. Shading 
from overstory trees, tall shrubs, or neighboring saplings could facilitate establish-
ment and persistence by reducing evaporative demands and improving plant water 
balance, more than offsetting negative effects of reduced light on plant performance 
(Fajardo et al. 2006, Holmgren et al. 1997).

Disturbances
Summer drought creates a long fi re season during which surface and live fuels are 
dry enough to carry wildfi res. Most dry coniferous forests in this region historically 
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supported low- or mixed-severity fi re regimes (Agee 1993, Everett et al. 2000, 
Hessburg and Agee 2003, Perry et al. 2011, Wright and Agee 2004). Low-severity 
fi re regimes were concentrated in dry, low-elevation ponderosa pine forests, while 
mixed-severity fi re regimes were concentrated in mesic Douglas-fi r and mixed-
conifer forests. Logging, livestock grazing, and fi re suppression have reduced fi re 
frequencies in most dry coniferous forests over the past century, producing changes 
in forest structure, fuel profi les, and fi re behavior (Hessburg and Agee 2003). 
Higher tree densities, higher fuel loadings, and greater fuel continuity (horizontal 
and vertical) now predispose these forests to larger and more severe wildfi res than 
the historical norms, despite efforts to restore historical structure and fi re behavior 
in these dry forests.

Insects and diseases are also common disturbance agents in dry coniferous 
forests (Fettig et al. 2007). Mortality from bark beetles and defoliators is generally 
low, but can rise dramatically during periodic outbreaks (Fettig et al. 2007). For 
example, a mountain pine beetle (Dendroctonus ponderosae) outbreak in southern 
British Columbia killed more than 75 percent of ponderosa pines with diameter 
greater than 7.5 cm and almost 95 percent of large ponderosa pines (diameter > 30 
cm) (Klenner and Arsenault 2009). 

Responses to Elevated CO2 and Climate Change
The species distribution models (models 1 through 3, table 8.1) indicate that suit-
able climate available for interior forest tree species by the end of the century will 
be severely reduced, particularly for Oregon and the Blue Mountains. However, 
MC1 (model 5, table 8.1) projects a dramatic increase in the temperate needleleaf 
forest type in eastern Oregon and Washington, which is representative of this biome 
(Rogers et al. 2011). The 3-PG model for ponderosa pine also suggested an increase 
in species habitat (model 7, table 8.1), which is consistent with the MC1 projections 
(Coops et al. 2005). However, the more recent 3-PG hybrid model (model 9, tables 
8.1 and 8.2) projected loss of suitable climate for ponderosa pine in the Pacifi c 
Northwest (Coops and Waring 2011b). Variability in model projections for ponder-
osa pine, and the analogous MC1 vegetation type temperate needleleaf forest for the 
HADCM2 models (except as noted) are shown in fi gure 8.1. There seems to be little 
model agreement on the sensitivity of the dry coniferous forest species to similar 
future climate scenarios based on the model output. If we assume that the process 
models are more robust to prediction, then the vulnerability of this forest type may 
not be high. However, the dramatic disagreement in model output suggests that 
caution should be used in any interpretation. 

Projected model results showed no model agreement regarding potential 
changes for this forest type and major species such as ponderosa pine (fi g. 8.1). 
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Yet, the dry coniferous forest biome is potentially vulnerable to future warm-
ing temperatures and their effects on winter snowpack (water storage), summer 
drought, and disturbance regimes. Warming winter temperatures would reduce the 
fraction of winter precipitation that falls as snow as well as snowpack accumula-
tion and snowpack duration. Earlier snowmelt and warmer spring and summer tem-
peratures would promote earlier onset of summer drought and increase the mean 
drought duration and intensity. Future increases in spring and summer precipita-
tion and higher CO2 concentrations could partially offset the effects of reduced 
snowpack and higher temperatures on evapotranspiration and summer drought, 
but the net result is still likely to be longer and more intense summer drought. 

Longer and more intense summer droughts may reduce productivity in dry 
coniferous forests at lower elevations, and especially near the lower treeline. Kus-
nierczyk and Ettl (2002) found that ponderosa pine growth was positively correlated 
with precipitation in the fall and winter prior to the growing season but was not 
signifi cantly correlated with temperatures, suggesting that ponderosa pine growth is 
more sensitive to changes in site water balance than to temperature itself. Similarly, 
Littell et al. (2008) found that water availability limited Douglas-fi r growth across 
much of its range in the Pacifi c Northwest. Increasing atmospheric CO2 levels could 
limit drought-related losses in productivity by reducing stomatal conductance and 
delaying soil water depletion but are unlikely to fully offset the effects of warmer 
temperatures on evapotranspiration. 

Some evidence indicates that ponderosa pine could adapt to increased sum-
mer drought stress by altering biomass allocation (Callaway et al. 1994). Desert 

Figure 8.1—Projections of Pinus ponderosa (ponderosa pine) climate habitat based on modeled current (top) and end-of-
century (bottom) climates. (A) Rehfeldt et al. (2006) HADCM3 A2, (B) McKenney et al. (2007) HADCM3 A2, (C) Hargrove 
and Hoffman (2005) HADCM3 A1F1, (D) Coops and Waring (2011b) CGCM3 A2, and (E) temperate needleleaf forest 
type, Rogers et al. (2011) HADCM3 A2. End of century is defi ned as 2090 for Rehfeldt, 2071–2100 for McKenney, 2100 for 
Hargrove, 2080 for Coops, and 2070–2099 for Rogers.

The dry coniferous 
forest biome is 
potentially vulnerable 
to future warming 
temperatures and 
their effects on 
winter snowpack 
(water storage), 
summer drought, and 
disturbance regimes.
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ponderosa pine allocated more biomass to sapwood conducting area, reducing 
the ratio of leaf area to sapwood area and presumably reducing risks of hydraulic 
failure (Callaway et al. 1994). Maherali et al. (2002) concluded that this was likely 
an example of phenotypic plasticity and not genetic adaptation, suggesting that this 
could be a future response to changing climate. 

Longer mean summer drought would likely alter disturbance regimes in dry 
coniferous forests. Increased summer drought stress could further increase suscep-
tibility to insects and diseases. Dale and Franklin (1989) noted that climate change 
may change the intensities of disturbances such as bark beetle outbreaks that may 
result in greater changes than gap models predict. 

Longer summer droughts would also lengthen the fi re season for most dry 
coniferous forest types and may increase the risk of large wildfi res, particularly 
in areas that historically supported mixed-severity fi re regimes (Westerling et al. 
2006). Increased frequency and duration of summer drought would allow wildfi res 
to burn wetter and cooler sites, where high fuel loads become more available owing 
to reduced fuel moisture (effectively mining fuels that accumulated in a wetter 
climate). Stand-replacing wildfi res could present problems for forest managers as 
warmer temperatures and reduced water availability could lead to reduced postfi re 
tree establishment or regeneration failures (on planted sites).

Savannas and Woodlands
General Description
Western juniper savannas and woodlands occupy the biome transition zone between 
the Interior Steppe and Dry Coniferous Forest biomes in eastern Oregon but are 
scarce in eastern Washington (Gedney et al. 1999, Miller et al. 2005). It is a Pacifi c 
Northwest version of the more widespread pinyon-juniper woodlands of the Great 
Basin and other dry regions of western interior North America (Franklin and Dyr-
ness 1973). Western juniper is the dominant tree species, with occasional ponderosa 
pines found on mesic microsites (Miller et al. 2005). Common shrubs include big 
sagebrush (Artemisia tridentatea Nutt.) and bitterbrush (Purshia tridentatea Pursh 
DC.) (Miller et al. 2005). Western juniper savannas occupy much of the transition 
zone, but denser juniper woodlands can also develop.

Western juniper savannas and woodlands occupy the driest of the tree-
dominated vegetation zones in eastern Oregon. Summers are hot and very dry, 
while winters are cold and relatively wet. Annual precipitation in western juniper 
savannas and woodlands ranges from 13 to 75 cm per year, but most sites fall 
within the range of 25 to 50 cm per year (Gedney et al. 1999). Much of this precipi-
tation falls during the winter as rain or snow (Franklin and Dyrness 1973). 

Longer summer 
droughts would also 
lengthen the fi re 
season for most dry 
coniferous forest types 
and may increase the 
risk of large wildfi res, 
particularly in areas 
that historically 
supported mixed-
severity fi re regimes.
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Environmental Controls
Drought, high vapor pressure defi cits, and cold winter temperatures all serve as 
environmental controls on vegetation in western juniper savannas and woodlands 
(Runyon et al. 1994). High summer temperatures coupled with low relative humid-
ity produce high evaporative demand and require vegetation to exercise strong 
controls on water loss or tolerate high levels of moisture stress. Much of the annual 
precipitation falls during the winter and is stored in a shallow snowpack or soil 
layers. With relatively little recharge during the active growing season, soil water 
becomes severely limiting during the growing season, forcing plants to concentrate 
their growth and reproduction during the spring and early summer.

Tree ring analyses suggest that western juniper growth is driven primarily by 
soil moisture availability and drought (Knapp et al. 2004, Knutson and Pyke 2008). 
Growth was positively correlated with winter and spring precipitation (October 
through June) and negatively correlated with spring and summer temperatures 
(Knutson and Pyke 2008). Growth sensitivity to drought was greatest at lower 
elevations and on steep, rocky sites.

Cold winter temperatures also exert infl uence on vegetation communities and 
performance. Runyon et al. (1994) reported cold winter temperatures to be almost 
as important as drought for limiting photosynthesis in juniper woodlands. Extreme 
cold temperatures can also function as a disturbance agent (Knapp and Soulé 2005).

Biotic Interactions
Facilitation and competition are both important in juniper savannas and woodlands. 
Western juniper often established initially in shrub understories, apparently benefi t-
ing from altered microclimate and soil fertility during the establishment phase. As 
junipers grow, however, they compete strongly with their neighbors for soil water, 
relying on their evergreen nature and cold tolerance to take up and use (preempt) 
soil water early in the growing season. Large junipers can fully utilize soil water 
under and near their canopies, limiting tree densities and creating patches with few 
or no understory plants.

Disturbances
Historical fi re regimes are not well described for juniper savannas and woodlands 
in Oregon (Agee 1993, Young and Evans 1981). Young junipers have thin bark 
and are readily killed by fi res. Junipers that avoid fi res early in their lifespan can 
subsequently escape injury and death from fi re by having thicker bark and sup-
pressing understory herbaceous fi ne fuels through competition for water (Agee 
1993). Consequently, fi re-scarred junipers are limited to microsites with limited fi ne 
fuel production. Fire scars in scattered or adjacent ponderosa pine forests suggest 
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a mixed-severity fi re regime, with mean fi re-return intervals of 15 years to more 
than a century and occasional large fi res (Agee 1993, Miller and Rose 1999, Miller 
et al. 2005). In this predominantly fuel-limited biome, climate change effects on fi re 
frequency and severity will likely depend on changes in soil water availability and 
its effect on understory plant productivity (fuel generation).

Juniper has expanded its range in the interior Pacifi c Northwest during the past 
130 years, invading and creating savannas and woodlands in semiarid ecosystems 
that were formerly shrub-steppe and grassland communities (Miller et al. 2000). 
More than 90 percent of the 3.2 million hectares of current juniper savannas and 
woodlands developed in the past 100 years (Miller et al. 2000). The area of juniper 
forest and woodland is estimated to have increased fi vefold between 1936 and 1988 
(Gedney et al. 1999). Much of this expansion is attributable to heavy livestock graz-
ing and reduced fi re frequencies from fuel reductions and active fi re-suppression 
efforts (Miller et al. 2000), but there is some indication that woodland expansion 
was initiated between 1850 and 1870 in some areas owing to wet and mild climatic 
conditions (Miller et al. 2005). The combination of reduced fi re occurrences as a 
result of European settlement and optimal climatic conditions for establishment 
at the turn of the century were probably the two dominant factors that initiated 
postsettlement western juniper expansion (Miller et al. 2005). Junipers can live for 
up to a thousand years (Miller et al. 2000); therefore, once established, they may 
persist for a very long time in the absence of disturbance. 

Climate infl uences the dynamics of juniper woodlands much like the shrub-
steppe biome, with winter temperatures and soil water availability being the most 
important infl uences. Wet, mild conditions promote vigorous growth in western 
juniper and are associated with prior periods of expansion in the Pacifi c Northwest 
(Miller et al. 2005). Junipers are generally cold tolerant, but an extreme October 
freeze produced signifi cant damage and mortality in Oregon juniper woodlands, as 
the freeze occurred before trees were fully cold hardened (Soulé and Knapp 2007). 
Mortality was highest in high-density patches, on recently colonized sites, and on 
warmer microsites, suggesting some degree of self-regulation in the system (Soulé 
and Knapp 2007). 

Tree growth and productivity in juniper woodlands are sensitive to soil water 
availability and drought. A tree ring analysis of interannual growth variability 
found that growth was positively correlated with fall, winter, and spring precipita-
tion (October to June), suggesting the importance of deep soil water storage for 
supplying water during the growing season (Knutson and Pyke 2008). Drought has 
produced dramatic changes in pinyon-juniper woodlands of southwestern North 
America (pinyon pine [Pinus edulis Engelm.] and oneseed juniper [Juniperus 
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monosperma (Engelm.) Sarg.]) in the past century. A severe drought in the 1950s 
caused extensive ponderosa pine mortality and favored advance of pinyon-juniper 
woodlands into former ponderosa pine forest (Allen and Breshears 1998). A more 
recent drought (2002 to 2003) produced high mortality of pinyon pine, leading to 
increased dominance by oneseed juniper (Breshears et al. 2005, 2009). We are not 
aware of any similar episodes of widespread tree mortality in Pacifi c Northwest 
juniper woodlands, however.

As temperatures warmed during the early Holocene, western juniper began 
migrating north into its present range in the Pacifi c Northwest. Since the arrival of 
western juniper in central and eastern Oregon (circa 6600–4800 BP), northeastern 
California, and southeastern Idaho, its abundance and distribution have fl uctuated 
(see Miller et al. 2005 for an excellent presentation of juniper paleohistory). Dry 
climatic periods tend to result in regional declines of juniper, with wet (particularly 
summer precipitation) and mild (mild winters) periods resulting in expansion. 

Responses to Elevated CO2 and Climate Change
Model projections for the savannas and woodlands and shrub-steppe vegetation 
types were too limited to synthesize in table 8.2, but we do discuss the limited 
available model output. For western juniper, the species distribution models (models 
1 through 3, table 8.1) projected that this species would have substantially less or no 
suitable climate habitat by the end of the century. MC1 (model 5, table 8.1) projects 
minor changes in the temperate evergreen needleleaf woodland vegetation type; 
although a minor reduction for the MIROC model is noted, as well as some redistri-
bution. It is apparent that there is little model agreement on the sensitivity of juniper 
savannas and woodlands to similar future climate scenarios. 

For oak species (Quercus spp.), some species distribution models (models 1 
through 3, table 8.1) project increases and shifts in distribution, although there is no 
consensus among the models. Many of the models also performed poorly in predict-
ing the historical climate habitat for oak species. Unlike most of the other species’ 
distribution model output, agreement for the sign of change differed between the 
models. Projections vary widely by species and generalizations are diffi cult. MC1 
(model 5, table 8.1) projects an increase for temperate warm and cool mixed forests 
across all GCM scenarios, with signifi cantly more of this vegetation type emerg-
ing for the MIROC scenario (Rogers et al. 2011). There appears to be little model 
agreement on the sensitivity of oak and mixed-woodlands species to similar future 
climate scenarios. Potential response of oak species to future climate change is 
highly uncertain based on this analysis. 

Little or no experimental work has been done on the response of junipers to 
elevated CO2 or warming temperatures. As noted above, modeling studies are also 
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somewhat limited for this biome, and provide little agreement about potential future 
change. Junipers might be expected to benefi t from increasing atmospheric CO2 if 
it reduces stomatal conductance and delays depletion of deep soil water; however, it 
is unclear if improved water-use effi ciency would signifi cantly increase growth, or 
simply reduce drought stress. Increased growth of western juniper in recent decades 
suggests that elevated CO2 may be increasing growth through increased water-use 
effi ciency (Knapp et al. 2001), but such evidence is not conclusive. 

Shrub-Steppe
General Description
Steppe (grassland) and shrub-steppe vegetation covers much of eastern Washington 
and Oregon, occupying the basins between the Cascade Mountains and the Rocky 
Mountain foothills (or Blue Mountains). The steppe biome encompasses numerous 
grass- and shrub-dominated vegetation community types that differ according to 
the dominant grasses and shrubs, and whose distribution largely refl ects underlying 
gradients in annual mean precipitation and soil properties (Franklin and Dyrness 
1973). Characteristic species include cool season (C3) bunchgrasses (e.g., bluebunch 
wheatgrass [Pseudoroegneria spicata (Pursh A. Love)], Idaho fescue [Festuca ida-
hoensis Elmer], and Sandberg bluegrass [Poa sandbergii J. Presl.]) and sagebrushes 
(e.g., big sagebrush, little sagebrush [A. arbuscula (Nutt.) A. Gray], and scabland 
sagebrush [A. rigida]). The climate is classifi ed as arid to semiarid with low precipi-
tation, hot dry summers, and relatively cold winters, and the region has often been 
described as cold desert or high desert (Franklin and Dyrness 1973). 

Vegetation in the steppe biome often forms complex mosaics at ecotones. In 
eastern Washington, it forms an ecotone with the dry coniferous forest biome 
(Franklin and Dyrness 1973). In eastern Oregon, the steppe biome more often 
forms an ecotone with juniper (Juniperus spp.) woodlands, which occupy a narrow 
ecological niche between the steppe and dry coniferous forest biomes (Franklin and 
Dyrness 1973). 

Steppe communities have long occupied parts of the interior Pacifi c Northwest, 
but their abundance and distribution has changed considerably through time. At 
Waits Lake in northeastern Washington state, steppe and sage-steppe vegetation 
alternated with dry coniferous (pine) forest for thousands of years following the 
last glacial period before being replaced by the current Douglas-fi r (Pseudotsuga 
menziesii Mirb. Franco)-dominated forest vegetation around 2,300 years ago (Mack 
et al. 1978). At Carp Lake in southern Washington state, a 125,000-year pollen 
record shows that the site has alternated between periods of montane coniferous 
forest, pine forest, and steppe vegetation; it currently supports dry coniferous forest 
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(Whitlock et al. 2000). In southeastern Washington, a 100,000-year record of silica 
phytoliths (fossil records from grasses) indicated large shifts in vegetation over 
time, with a low-elevation site alternating between different grassland communities, 
and two higher elevation sites transitioning from cold sage-steppe and subalpine 
parkland vegetation to dry forest and grassland vegetation, before transitioning to 
modern dry mixed-conifer and subalpine forests (Blinnikov et al. 2002).

Environmental Controls
Soil moisture and winter temperatures are the major environmental limiting factors 
infl uencing vegetation composition and productivity in Pacifi c Northwest steppe 
communities, with precipitation, temperature, soil texture, and soil depth being 
the primary abiotic determinants of soil moisture (Bates et al. 2006, Comstock and 
Ehleringer 1992, Schlaepfer et al. 2011). Winter precipitation (snow and rain) is 
important for recharging water storage in deep soil layers (Schlaepfer et al. 2011, 
Schwinning et al. 2003), and most of the Great Basin and Columbia Basin in 
Oregon and Washington receive the greatest amount of precipitation in the winter 
and spring (Bates et al. 2006). However, high temperatures and low summer 
precipitation combine to produce extended periods of soil moisture defi cits each 
summer. Although summers are warm and dry, winters can be quite cold through-
out much of the steppe region in the Pacifi c Northwest (Comstock and Ehleringer 
1992).

Steppe vegetation is generally well adapted to both cold winter temperatures 
and summer drought. Grasses and forbs can avoid summer drought stress by 
concentrating growth in the spring and early summer, when soil water is still 
available and cooler temperatures promote high water-use effi ciency (Comstock and 
Ehleringer 1992). Some shrubs are able to tolerate drought and remain photosyn-
thetically active during periods of water and heat stress (DePuit and Caldwell 1975) 
or avoid severe drought stress by developing deep root systems that allow them 
to access deep soil water reserves throughout the summer (Franklin and Dyrness 
1973). 

Biotic Interactions
As with other stressful environments, facilitation plays an important role in the 
shrub-steppe biome. Established shrubs can facilitate establishment and growth of 
other species by enhancing soil water and nutrient availability while reducing light 
levels and evaporative demand. Some deep-rooted shrubs employ “hydraulic lift” 
mechanisms to transfer soil water between deep and shallow soil layers (Caldwell 
and Richards 1989, Caldwell et al. 1998). Hydraulic lift can provide soil water to 
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neighboring plants but may also promote nutrient cycling and fi ne root growth dur-
ing the dry summer season and deep soil water recharge in the winter and spring 
months (Caldwell and Richards 1989, Caldwell et al. 1998). Griffi th (2010) found 
that modifi cation of microclimate and soil fertility by two shrubs, big sagebrush and 
bitterbrush (Purshia tridentatea), increased understory establishment and reproduc-
tion of cheatgrass (Bromus tectorum L.) compared to areas between shrubs.

Disturbances
Steppe ecosystems have been strongly affected by human activities, including 
livestock grazing, introduction of exotic species, and cultivation for agricultural 
crops (Franklin and Dyrness 1973). Grazing fi rst became a major factor in Pacifi c 
Northwest steppe communities with the introduction of cattle grazing in 1834 and 
sheep grazing in 1860. Settlers also introduced numerous alien grasses, including 
cheatgrass, which was well adapted to climate within parts of the steppe region 
(Mack 1981). Heavy grazing allowed alien grasses to invade native communities, 
where they became highly persistent (Mack 1981). In addition to grazing, much of 
the steppe region in the Columbia River Basin has been cultivated for dryland agri-
cultural crops like winter wheat or irrigated to produce summer fruits, vegetables, 
and grains.

Few studies have documented fi re regimes across shrub-steppe communities 
and woodlands throughout this region (Miller et al 2005), in part because it is 
diffi cult to fi nd the equivalent of fi re-scarred trees that provide a biological record 
of past fi re activity. In productive mountain big sagebrush (Artemisia tridentatea 
ssp. vaseyana (Rydb.) Beetle) plant associations, such as those characterized by 
Idaho fescue, mean fi re-return intervals ranged between 10 to 25 years, with large 
fi res every 38 years (Miller et al. 2005). However, fi re was much less frequent in the 
more arid plant associations such as Wyoming big sagebrush/Thurber needlegrass 
(A. tridentatea ssp. wyomingensis/Achnatherum thurberianum J. Presl.) (50 to 70 
years) and low sagebrush/Sandberg bluegrass (A. arbuscula/Poa sandbergii) (Miller 
and Rose 1999, Young and Evans 1981), where fi re-free periods of 90 (Young 
and Evans 1981) and 138 years (Miller and Rose 1999) were reported in northern 
California and south-central Oregon, and fi re-free periods probably exceeded 150 
years for some sites. Baker (2006) argues that historical fi re rotations were 70 to 
200 years in mountain big sagebrush and longer in other types. An examination of 
long-term charcoal records suggests that fi re regimes in these types are climate and 
fuel driven; sagebrush densities and fi re frequencies increased during wet periods 
(decades to centuries) and declined during dry periods (Mensing et al. 2006).

Most of the dominant bunch grasses and some of the shrubs recover well from 
fi res by resprouting from belowground organs. However, two of the major shrub 
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species in the region, big sagebrush and bitterbrush are fi re sensitive and can be 
temporarily eliminated from a site by burning. Recovery of shrub canopy cover to 
predisturbance levels can require 10 to 50 years or more, with recruitment of new 
shrubs from soil seed banks being an important factor controlling recovery time 
(Ziegenhagen and Miller 2009). Short fi re-return intervals can cause signifi cant 
vegetation change if shrub communities have not fully recovered between disturb-
ances (Davies et al. 2012). In some areas, introductions of invasive plant species 
such as cheatgrass and medusahead (Taeniatherum caput-medusae (L.) Nevski) 
have signifi cantly altered fi re regimes by producing suffi cient fi ne fuels to carry 
wildfi res (D’Antonio and Vitousek 1992).

Responses to Elevated CO2 and Climate Change
Only one species distribution model had projections available for shrub-steppe 
species. The ANUCLIM species distribution model (model 2, table 8.1) projected 
severe reductions in suitable climate for bitterbrush, big sagebrush, mountain 
mahogany (Cercocarpus ledifolius S. Watson), and gray rabbitbrush (Ericameria 
nauseosa (Pall. Ex Pursh) G.L. Nesom & Baird) (McKenney et al. 2007, 2011). 
The MC1 model (model 5, table 8.1) projects some decrease in this vegetation type, 
with the largest decreases for the CSIRO model (Rogers et al. 2011). There appears 
to be some model agreement on the general sign of a potential response for this 
biome, indicating some vulnerability to climate change. However, the difference in 
the magnitude of response among the models is striking, and only two models are 
available for comparison. 

Bradley (2009) reported that for a “worst case future climate scenario,” cheat-
grass (model 4, table 8.1) climatic habitat will either be maintained or decrease. The 
worst case future climate scenario was characterized by the maximum decrease 
in summer precipitation out of all the climate models assessed. However, it is 
important to note that the current distribution of cheatgrass in eastern Oregon and 
Washington only covered a fraction of the modeled current climate habitat, indicat-
ing that the species has not yet fully invaded all suitable climate habitats. Therefore, 
although changes in future climate habitat may not be great according to this 
analysis, there still could be considerable risk for the expansion of cheatgrass. 

The only model available with relevant output for grassland or steppe vegeta-
tion was MC1 (model 5, table 8.1) (Rogers et al. 2011). MC1 projected that for the 
warmer scenarios, grasslands will experience some reductions in spatial extent. 
The less warm and wetter MIROC model projected little to no change. However, 
only one impact model is available for assessment, and there are no species-specifi c 
model outputs for grass species.
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There is little model information regarding relevant grassland and steppe 
species; however, predicted climatic changes could alter environmental conditions 
in the steppe region in important ways that ultimately affect soil water availability. 
Grasslands are largely structured by climate and soils (Fay et al. 2012). Higher 
winter temperatures could reduce the percentage of winter precipitation that falls 
as snow, thereby reducing winter snowpack water storage and possibly increasing 
winter runoff (Schlaepfer et al. 2011, 2012). Warming spring temperatures would 
likely melt winter snowpack, warm soils, and begin evaporating soil water earlier 
in the spring, causing earlier onset of seasonal drought (Schlaepfer et al. 2012). 
Warmer summer temperatures would further increase potential evapotranspiration 
and increase drought stress.

Vegetation responses to climatic change in the steppe region of the Pacifi c 
Northwest are likely to be strongly infl uenced by changes in precipitation patterns, 
particularly total annual precipitation and the timing, frequency, and intensity of 
precipitation events. Cool season precipitation (late fall to early spring) is important 
for recharge of shallow and deep soil water reserves, so changes in net cool season 
water infi ltration—a function of both precipitation and runoff—could infl uence the 
intensity and duration of warm season drought, particularly for deep-rooted shrubs. 
Winter precipitation and deep soil water recharge are also important for grass 
productivity (Bowling et al. 2010). Changes in the frequency and intensity of dry 
season precipitation events could also alter plant water and nutrient availability, but 
are unlikely to have signifi cant effects on vegetation productivity and composition 
until summer precipitation becomes abundant and regular enough to reduce sum-
mer drought stress signifi cantly. Unfortunately, predictions of future precipitation 
patterns from global climate models carry a high degree of uncertainty, and this 
uncertainty may be magnifi ed by regional topographic effects on the spatial and 
seasonal distribution of precipitation.

Increasing atmospheric CO2 concentrations may also infl uence vegetation 
patterns by increasing water-use effi ciency for some species. Higher CO2 concen-
trations are expected to be particularly benefi cial for cool-season plant species 
that employ the C3 photosynthetic pathway. Morgan et al. (2011) reported that a 
CO2 enrichment treatment (600 parts per million by volume) increased water-use 
effi ciency suffi ciently to offset increased desiccation from a warming treatment 
(1.5/3.0 °C day night warming) and maintain soil water content equivalent to that 
of a control treatment in a semiarid grassland. Dukes et al. (2005) found no effect 
of modest warming or CO2 enrichment on root and shoot production, however, 
in California grassland. McMurtrie et al. (2008) suggested that CO2 enrichment 
will have the greatest benefi ts for plants on sites where water is highly limiting, 
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but nitrogen is not. Fay et al. (2012) demonstrated that an increase in aboveground 
net primary productivity associated with CO2 enrichment in grasslands depends 
strongly on soil type.

It is not clear whether predicted climatic changes would alter disturbance 
regimes in the steppe region. Wildfi re occurrences are generally limited by lack of 
ignitions during the fi re season or by lack of continuous fuels. Elevated CO2 con-
centrations have been shown to increase biomass production of cheatgrass and other 
exotic annual grasses, which could lead to increased buildup of matrix fuels that 
could promote the spread of fi res (Lucash et al. 2005, Smith et al. 2000. Increased 
drought stress could reduce fi re frequencies as in the past (Ziegenhagen and Miller 
2009), unless increased evaporative demand is offset by increased precipitation or 
CO2-induced reductions in stomatal conductance (Lucash et al. 2005, Naumburg 
et al. 2003). It is also possible that climatic changes could alter the frequency of 
lightning ignitions during summer thunderstorms, but we are not aware of any 
research in this area.

Several studies also show that grasslands may be resistant to climate change 
effects (Dukes et al. 2005, Grime et al. 2008). Short-term changes in the interan-
nual precipitation regime may not result in large changes in semiarid vegetation 
communities (Jankju 2008). Shrub-steppe communities in Idaho have considerable 
interannual variability in climate and productivity (West and Yorks 2006). Semiarid 
ecosystems may be able to buffer against the effects of climate change by shifting 
the type or intensity of plant-plant interactions (Bates et al. 2006, Brooker 2006, 
Jankju 2008). Sagebrush is tolerant of summer drought and is unresponsive to 
shifts in the seasonality of precipitation in regard to cover and density (Bates et al. 
2006). High spatial and temporal variability in precipitation in semiarid ecosystems 
(Augustine 2010) may further isolate these systems against climate change effects. 
However, sagebrush ecosystems may be vulnerable to encroachment from wood-
lands owing to increasing precipitation (Bachelet et al. 2001b). 

Altered climate could have mixed infl uences on cheatgrass and efforts to 
manage it. The exotic annual is likely to benefi t (and perhaps has already benefi ted) 
from the positive effects of elevated atmospheric CO2 on productivity (Ziska et al. 
2005). On the other hand, model projections suggest that the response of cheatgrass 
to future climate may depend greatly on changes in precipitation, with cheatgrass 
expected to benefi t from reduced precipitation (Bradley 2009, see also chapter 7). 



127

Climate Change Effects on Vegetation in the Pacifi c Northwest: A Review and Synthesis of the Scientifi c Literature

Chapter 9: Conclusions

The goal of this document was to provide insight into the range of potential effects 
of climate change on vegetation in the Pacifi c Northwest using information from 
the literature and modeling studies. Although it is clear that climate change could 
have profound effects on global and regional vegetation, it is less clear what those 
effects will be and what activities land managers could or should undertake to 
preserve values at risk and to continue to achieve a variety of management objec-
tives. Recently, there has been much information published regarding managing for 
climate change and developing adaptation approaches in the Pacifi c Northwest (e.g., 
Aubry et. al. 2011, Halofsky et al. 2011, Littell et al. 2012, Peterson et al. 2011), other 
forested ecosystems in the United States (Rice et al. 2012, Swanston and Janowiak 
2012), and the United States in general (Vose et al. 2012). Much literature focuses 
on generalizable “toolbox approaches” (Joyce et al. 2009, Millar et al. 2007, Peter-
son et al. 2011, Spies et al. 2010, Stephens et al. 2010). 

Although a complete review of the climate and natural resource adaptation 
literature is beyond the scope of this document, we note that several of the “toolbox 
approaches” to managing ecosystem responses to climate change feature three basic 
adaptive strategies: (1) promoting resistance to change, (2) promoting resilience to 
change, and (3) facilitating response to change (Joyce et al. 2009, Millar et al. 2007, 
Spies et al. 2010, Stephens et al. 2010). Resistance strategies seek to delay responses 
to climate change by reducing climate-related stresses and preventing disturbances; 
they are used primarily to protect high-value resources from rapid change (Millar et 
al. 2007). Resistance strategies have long been used in the restoration and manage-
ment of such fi re-prone ecosystems as dry coniferous forests in the Pacifi c North-
west. Resilience strategies seek to manage ecosystems so that the ecosystem can 
return to desired conditions following disturbance (Millar et al. 2007). Landscape-
scale resilience strategies are currently being developed to manage spotted owl 
(Strix occidentalis caurina) habitat in the dry mixed-conifer forests of the eastern 
Cascades in Washington and Oregon. Resilience strategies would logically be used 
in combination with resistance strategies but recognize uncertainty in the success 
of resistance strategies. Response strategies seek to manage the process of change, 
allowing for a more orderly transition from current to future conditions; they recog-
nize the inevitability (and potential benefi ts) of change but seek to manage the rate 
of change and avoid potentially undesirable outcomes. Managing for high species 
and genetic diversity is one example of a response strategy across all biomes of the 
Pacifi c Northwest.

The contemporary management focus on climate change and uncertainty 
contrasts sharply with heavily relied on paradigms of ecosystem management such 
as historical range of variability (HRV). This concept has been widely embraced by 

Although it is clear 
that climate change 
could have profound 
effects on global and 
regional vegetation, 
it is less clear what 
those effects will be 
and what activities 
land managers could 
or should undertake to 
preserve values at risk.
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natural resource managers, planners, and policymakers over the past two decades. 
The concept suggests that past conditions and processes provide context and guid-
ance for managing ecological systems today (Franklin et al. 2002, Landres et al. 
1999, Moore et al 1999). However, many forest managers, planners, and policymak-
ers now question whether or not the HRV concept is even applicable. Application of 
the concept has strayed from the original intent, and some question whether or not 
the concept is “quaint” (Jackson and Hobbs 2009). Often temporally and spatially 
static or narrow defi nitions of past conditions are used as benchmarks for desired 
future conditions and the focus is largely on structural rather than process-based 
management. Although this structural focus may be necessary for agencies and 
landowners in terms of recordkeeping and accountability, process-based approaches 
do not have to be abandoned. This issue is problematic even now, and becomes 
increasingly so as both natural and human-induced climatic variability and the 
potential for a “no analog” future are considered (Williams and Jackson 2007, 
Williams et al. 2007). If “natural” states are diffi cult to quantify, the environment 
is always changing and ecosystems are always coming and going, and if multiple 
realizations are normal, then the principles underlying ecological restoration, 
potential natural vegetation, and HRV come under question (Jackson and Hobbs 
2009, Jackson 2012). 

Millar et al. (2007) noted that attempts to maintain past conditions could 
result in forests and ecosystems that are not well adapted to current and future 
conditions and may be more vulnerable to future change. However, understand-
ing the past still is important for thinking about the future and HRV can provide 
important information about possible future trajectories and ways that species and 
communities respond to changes in climate and disturbance regimes. Thus a more 
nuanced view is needed, one that is better aligned with the original focus of the 
original HRV concept, which emphasized an evolutionary (long-term) context, a 
focus on process structure, and on ranges rather than means (box 9.1). Moreover, 
rare and uncommon events need to be incorporated into any HRV framework. A 
more nuanced HRV framework will provide better guidance for land management, 
but uncertain future climatic shifts and no analog situations will still arise. Given 
the certainty of unpredictable changing conditions, forest managers may need 
to rely more on understanding, accepting, and working with current and future 
conditions and processes and less on using the past as a benchmark. We provide 
several suggestions for incorporating HRV into management (box 9.1), and several 
frameworks are provided in the literature regarding restoration decisionmaking in 
the context of novel conditions (Belnap et al. 2012, Hobbs et al. 2009). Hobbs et al. 
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(2009) suggested that developing and evaluating hybrid and novel ecosystems may 
be inevitable (Hobbs et al. 2009). 

Natural resource agencies may want to critically gauge the potential challenges 
that climate change will have on the success of traditional restoration activities 
based on HRV and better incorporate climate change in management and plan-
ning, including the development of resistance, resilience, and response options that 
facilitate adaptation of natural resources to potentially adverse effects of climate 
change. Peterson et al. (2011) outlined the following steps, based on science-
management partnerships, that can be used to facilitate adaptation on national 
forests or any natural resource land base: (1) become aware of basic climate change 
science and integrate that understanding with knowledge of local resource condi-
tions and issues (review), (2) evaluate sensitivity of natural resources to climate 
change (rank), (3) develop and implement options for adapting resources to climate 
change (resolve), and (4) monitor the effectiveness of on-the-ground management 
(observe) and adjust as needed. Before developing adaptation strategies or a man-
agement response to climate change, mangers and others require information to 
“review” and “rank.” This document could serve as a potentially important source 
of information about climate change science in relation to vegetation in the Pacifi c 
Northwest, and a useful source for evaluating the potential sensitivity of vegetation 
to climate change. We highlight that there are uncertainties about exactly what the 
effects of climate change will be; however, information does exists and can be used 

 
     Box 9.1. Suggestions for incorporating historical range of variability 
     (HRV) concepts into contemporary management.
 1) Focus on variability, considering past and potential future varia-
     bility, and do not discount rare events, and/or anomalies. The mean of a 
     particular attribute from the past should not be used alone because rare and 
     extreme events will not be included and boundaries using extreme events 
     need to be considered. Use of spike descriptors, trend descriptors, and proba-  
     bilistic descriptions can be used to examine rare, uncommon, and extreme or 
     severe events and consistency with past system behavior (Landres et al. 1999). 
     Assess the potential “future range of variability,” the estimated range of some 
     ecological condition that may occur in the future (Duncan et al. 2010). Taking 
     a longer view (e.g., paleoecological studies) can also help inform understand-
     ing of existing and historical ecosystems, determine the circumstances under 
     which they arose, gauge the range of environmental variability they have 
     experienced, and potentially identify environmental thresholds at which they 
     will require different levels of management. Paleoecological insights, together 
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     with modeling, experimentation, and observation, will advance our capacity 
     to successfully manage ecosystems (Jackson and Hobbs 2009). 
      2) Avoid specifi c and static benchmarks based on structure and con-
     centrate on process and ecosystem services. Several authors note that use of
     historical information for identifying desired future conditions does not imply    
     management for static conditions (Moore et al. 1999, Swetnam et al. 1999).  
     However, application of the HRV concept has often resulted in using static   
     benchmarks, often based on forest structure (e.g., tree density). Jackson (2012)  
     noted that vegetation is a dynamic entity, and we need to focus attention on the 
     processes that govern it in order to understand it, manage it and forecast its 
     future states. Management could focus on targeting the maintenance of desir-
     able ecological goods and services, including aesthetic values, rather than 
     focusing on static benchmarks (Jackson and Hobbs 2009). In many cases, this 
     approach will lead to ecosystems unlike those of the past, but more resilient to 
     the future. 
     3) Apply our understanding of processes, interactions, and conditions 
     to the current biophysical, social, and economic environment: try to 
     manage for change. Without consideration of current conditions and multiple 
     disturbances and stresses, or the realized stress complex, unintended conse-
     quences or management surprises are likely (McKenzie et al. 2009, Paine et 
     al. 1998). Livestock grazing, fi re suppression, drought, reduced biological 
     legacies, and exotic species introductions are just a few factors currently infl u-
     encing forest systems and the outcome of management actions. Today, disturb-         
     ance regimes and ecosystem processes are now interacting with present and 
     future environment conditions that are very different than historical condi-
     tions. State-and-transition models can be used to examine a range of future 
      conditions and multiple realizations, and these models are now taking climate 
      change transitions into account (Kerns et al. 2012). 
     4) Use information from HRV to develop and evaluate hybrid or novel 
     ecosystem models that may provide key ecosystem services but be quite 
     different than past ecosystems. Hybrid ecosystems retain some original 
     ecosystem characteristics as well as novel elements, whereas novel ecosys-
     tems comprise different species, interactions, and functions than past ecosys-
     tems (Hobbs et al. 2009). In certain ecosystems, novel mixes of species, 
     structure, or processes (e.g., less desirable native species, nonnative species)   
     might be used to maintain valuable hybrid or novel ecosystems and their 
     services (high carbon storage, resistance to fi re or invasive species, wildlife 
     habitat). 
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to begin the adaptation and risk management process and respond to the range of 
potential effects of climate change on vegetation in the Pacifi c Northwest.

Acknowledgments
Funding for this work was provided the Bureau of Land Management (BLM), 
Oregon State Offi ce, and the U.S. Forest Service (USFS), Pacifi c Northwest 
Research Station. We thank staff members from the Region 6 Climate Change 
Working Group (BLM and USFS) for their input and guidance on the project. We 
especially thank Jim Alegria, Louisa Evers, David Chmura, Crystal Raymond, and 
Tom Spies for their input and manuscript reviews. Finally, we thank Michelle Day 
for providing geographic information system assistance for examining model output 
and editorial reviews. 

English Equivalents
When you know: Multiply by: To fi nd:

Centimeters (cm) 0.394 Inches
Meters (m) 3.28 Feet
Meters (m) 1.094 Yards
Kilometers (km) 0.621 Miles
Hectares (ha) 2.47 Acres
Square meters (m2) 10.76 Square feet
Square kilometers (km2) 0.386 Square miles
Degrees Celsius (°C) 1.8 °C + 32 Degrees Fahrenheit
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