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ABSTRACT 

Climate change resulting from increased concentrations of atmospheric carbon dioxide ([C02]) is 

expected to result in warmer temperatures and changed precipitation regimes during this century. In the 

northwestern U.s.. these changes will likely decrease snowpack, cause earlier snowmelt. increase sum

mer evapotranspiration. and increase the frequency and severity of droughts. Elevated [C02] and warmer 

temperatures may have positive effects on growth and productivity where there is adequate moisture 

or growth is currently limited by cold. However. the effects of climate change are generally expected to 

reduce growth and survival, predispose forests to disturbance by wildfire. insects. and disease; and ulti

mately change forest structure and composition at the landscape scale. Substantial warming will likely 

decrease winter chilling resulting in delayed bud burst. and adversely affect flowering and seed germi

nation for some species. The extent of these effects will depend on the magnitude of climate change. the 

abilities of individual trees to acclimate. and for tree populations to adapt in situ. or to migrate to suitable 

habitats. These coping mechanisms may be insufficient to maintain optimal fitness of tree populations 

to rapidly changing climate. Physiological responses to climatic stresses are relatively well-understood 

at the organ or whole-plant scale but not at the stand or landscape scale. In particular, the interactive 

effects of multiple stressors is not well known. Genetic and silvicultural approaches to increase adaptive 

capacities and to decrease climate-related vulnerabilities of forests can be based on ecophysiological 

knowledge. Effective approaches to climate adaptation will likely include assisted migration of species 

and populations. and density management. Use of these approaches to increase forest resistance and 

resilience at the landscape scale requires a better understanding of species adaptations. within-species 

genetic variation. and the mitigating effects of silvicultural treatments. 

© 2011 Elsevier B.V. All rights reserved. 
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t. Introduction 

The Earth's climate is variable, and long periods of both cooler 
and warmer temperatures have occurred in the past (Jansen et ai., 
2007). Although large natural climatic changes have occurred over 
centuries to millennia (Jansen et ai., 2007), changes of similar mag
nitude are now projected to occur over decades to years (Meehl 
et ai., 2007; Trenberth et ai., 2007). These unprecedented rates 
of climatic change may profoundly affect the ability of forests to 
acclimate or adapt to future conditions. 

Forests in the northwestern U.S. (NW) are distinct among the 
Northern Hemisphere temperate forests in their species composi

tion and high productivity (Waring and Franklin, 1979). Composed 
mostly of conifers, these forests are adapted to the wet mild winters 
and warm-dry summers typical of the region (Franklin and Halpern, 
2000). There are steep climatic gradients associated with eleva
tion, latitude, distance from the ocean, and proximity to the mostly 
north-south mountain ranges. Complex topography contributes to 
substantial climatic variability at a fine scale, often resulting in 
mosaics of vegetation types within small geographic areas. 

The current species composition and age structure ofNW forests 
reflects the variability of ownerships and management objectives 
within the region, as well as the legacies of past disturbances and 
management practices. Northwest forests will continue to be an 
important part of the regional economy and may play a significant 
role in carbon (C) sequestration and climate change mitigation (Alig 

et ai., 2006; Krankina and Harmon, 2006). 
Several reviews have addressed the projected impacts of climate 

change on forest ecosystem structure, composition and productiv
ity (Peters, 1990; Saxe et ai., 1998, 2001; Winnett, 1998; Hanson 
and Weltzin, 2000; Korner, 2000; Aber et ai.. 2001; Hansen et ai., 

2001; Ciais et ai., 2005; Easterling and Apps. 2005; Boisvenue and 
Running, 2006; Mohan et ai., 2009), biogeochemical cycles and C 
sequestration (Malhi et ai., 1999,2002; Gower, 2003; Beedlow et ai., 
2004; Campbell et ai., 2009), air pollution and ecosystem processes 
(Bytnerowicz et ai., 2007), and the production of ecosystem ser

vices (Winnett, 1998; lrland et ai., 2001 ). Elevated concentration of 
atmospheric carbon dioxide - [C02]. generally warmer tempera
tures, and changing precipitation regimes will affect the exchange 
of energy, carbon, water and nutrients between forests and the 
environment, leading to changes in forest growth, survival and 
structure. Interactions with biotic and abiotic disturbance agents 
will also shape future forests. 

Ecophysiological processes are the foundation of acclimation 
and evolutionary adaptation to climate change. Although pheno
typic plasticity is substantial for some traits (e.g., timing of bud 
flush), the existence of among-population genetic variation for bud 

flush and many other adaptive traits indicates that phenotypic plas
ticity is insufficient to confer optimal fitness to the range of climates 
experienced by most species (Rehfeldt et ai., 2001; St.Clair and 
Howe, 2007). Because trees are genetically adapted to their local 
climates, rapid rates of climate change may challenge the capacity 
of tree species to adapt in place or migrate to new locations (St.Clair 
and Howe, 2007; Aitken et ai., 2008). To facilitate forest acclimation 
and adaptation, decision-makers need to understand the potential 
ecophysiological responses of trees and forests to climate change. 

A premise of this review is that the persistence and integrity of 
forests depend On the acclimation and adaptation of forest trees 
to future climates. in this review, we identify critical processes, 
traits and attributes that will underpin this adaptation. Specifically, 
we (1) review the ecophysiological foundations of forest growth, 
reproduction and mortality in relation to elevated [C02]. warmer 
temperatures, changes in precipitation, and droughts; emphasiz
ing interactions among these factors, and how they interact with 
disturbances, such as fire, insects and diseases; and (2) identify key 
adaptations and processes underpinning tree tolerance and resis
tance to anticipated stresses. It will be important to consider these 
adaptations when managers design strategies to help forests to 
adapt to future climates. 

We center our attention on forests of the NW - the states of 
Washington, Oregon, Idaho, the northern parts of California, and 
western parts of MOntana. However, we also cite examples from 
temperate forests of other regions where appropriate. We will not 
address the effects of air pollutants (e.g., ozone, S02), and refer the 
reader to recent reviews that cover these topics (e.g., Bytnerowicz 
et ai., 2007; Campbell et aI., 2009). 

2. Regional climatic limitations and projections of climate 

change 

2.1. Climatic limitations to forest growth and productivity in the 

NW 

Strong climatic gradients are typical of the NW . Environmental 
severity increases with elevation and distance from the ocean, and 
is reinforced by the north-south distribution of major mountain 

ranges (Arno, 1979; Peet, 2000). As a result, regional climatic limi
tations to forest growth and productivity range from minimal along 
the coast, where temperatures are mild and moisture is plentiful, to 
severe in the interior where moisture deficits are common (Arno, 
1979; Franklin and Dyrness, 1988; West and Young, 2000; Littell et 
ai., 2008). However, during rare extreme droughts, moisture stress 
may be greater in the forests west of the Cascade crest, because 
of their typically greater leaf areas (Zobel, 1974). Within the inte-
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rior mountain ranges, moisture and thermal conditions grade from 
warm and dry in the rain-shadow foothills, to moist and cold at 
high elevations; and from relatively mesic north-facing slopes, to 
more xeric south-facing slopes. 

Climatic gradients influence the natural distributions ofNW tree 
species. For example, the distributions of Thuja plicata and Tsuga 

heterophylla are limited to areas that are influenced by moist Pacific 
Ocean air masses; these species are absent from areas of the north
ern Rocky Mountains where these air masses fail to reach (Arno, 
1979). Transitions to drier conditions within the region are indi
cated by the presence of more drought-tolerant species, including 
Pseudotsuga menziesii, Pinus ponderosa, and Pinus contorta (Franklin 
and Dyrness, 1988). Changes in climate will likely affect future 
species distributions, forest composition, and forest structure. 

2.2. Future climate in the NW 

Increases in anthropogenic greenhouse gas concentrations, 
especially C02, are contributing to the warming of the atmosphere 
(Forster et aI., 2007). Since the pre-industrial era, atmospheric [C021 
increased from about 280 ppm to the current level of about 390 ppm 
(http://www.co2now.orgf), and is likely to reach 540-970 ppm by 
the end of this century (Prentice et aI., 2001). Projected changes 
in atmospheric [C021 at local scales are expected to track changes 
at the global scale. In contrast, C02-induced changes in regional 
climates will likely differ from the projections at the global scale 
(Christensen et aI., 2007). 

Compared to the past three decades, the NW is expected to 
warm about 0.8-2.9°C by mid-century (Leung et aI., 2004; Duffy 
et aI., 2006; Mote et aI., 2008) and 1.6-5.4 °C by the end of the 
century (Mote et aI., 2008). These regional estimates for 2100 are 
similar to the projected global warming of 1.1-6.4 °C by the end of 
the century (Meehl et aI., 2007). Warming in the NW will proba
bly be greater inland than near the coast (Leung et aI., 2004; Duffy 
et aI., 2006), and greater in summer (3.9 °C on average) than in win
ter (2.7 °C) (Mote et aI., 2008). In contrast to this overall regional 
trend, more warming is projected to occur in winter and spring 
than in the summer in the Cascade Range and the northern Rocky 
Mountains (Leung et aI., 2004). 

Projected changes in regional precipitation are less certain than 
those for temperature. Except for increases in winter precipitation 
in northern California, eastern Oregon, and central Idaho, projected 
changes are not statistically different from historical year-to-year 

variation (Duffy et aI., 2006). Overall, small decreases in summer 
precipitation and small increases in winter precipitation are pro
jected for the NW (Leung et aI., 2004; Mote et aI., 2008), but the 
projected changes in annual and seasonal precipitation typically 
vary widely among different climate models. 

The frequency of heavy precipitation events will likely increase 
in the NW (Mote et aI., 2008; Salathe et aI., 2009) and vary among 
locations and seasons (Leung et aI., 2004). Conversely, snowpack 
and snow cover duration may decrease in the NW in conjunction 
with a global trend (Hamlet et aI., 2005; Meehl et aI., 2007; Barnett 
et aI., 2008). A substantially greater relative decrease in snowpack 
is projected for the Cascades and Sierra Nevada (60-70%) than for 
the northern Rocky Mountains (20%; Leung et aI., 2004). 

Future climate projections are uncertain because of intrinsic 
variability of the climate system, uncertainty in greenhouse gas 
emissions (tPCC, 2000), and difficulty of representing Earth system 
processes in climate models (Hegerl et aI., 2007; Meehl et aI., 2007). 
In addition, differences in regional climate projections reflect the 
uncertainty associated with using different general circulation 
models (GCMs), projection times, and downscaling methods. Pro
jections of future precipitation usually have less precision than 
those of surface temperatures (Bates et aI., 2008). 

Despite uncertainty, almost all projections indicate that the NW 
will be warmer in the future. Warmer temperatures will affect 
snowmelt, increase summer evapotranspiration, and hasten sea

sonal depletion of soil moisture (Hobbins et aI., 2004; Christensen 
et aI., 2007; Elsner et aI., 2009). Thus, the most significant challenge 
likely facing NW forests is an increase in the frequency, duration, 
and intensity of droughts (discussed below). Thus, dry summers in 
the NW may become even drier, which is consistent with recent 
observations (Luce and Holden, 2009). 

Warmer temperatures during the cold season will increase 
the elevation where rain transitions to snow, cause more pre
cipitation to fall as rain instead of snow, increase the number of 

rain-on-snow precipitation events, decrease snowpack, and result 
in earlier snowmelt. Such conditions will increase runoff and the 
probability of winter and spring floods, soil erosion, and summer 
water shortages, particularly in areas that depend on water from 
snowmelt (Barnett et aI., 2008; Bates et aI., 2008; Adam et aI., 
2009). 

Forest responses to climate change will depend on local site con
ditions. Warming may be favorable to growth at high elevation sites 
where the growing season is currently limited by low temperatures 
or snow cover, but enhance the effects of drought in areas that are 
currently moisture limited. The amount of water available to trees 
will depend on the amount and timing of precipitation, as well as 
the amounts of surface runoff, deep drainage, and evapotranspira
tion. Underlying geology exerts strong control over subsurface flow 
and groundwater storage, mediating the response of streamflow to 
climatic warming in the NW (Tague et aI., 2008; Tague and Grant. 
2009; Brooks et aI., 2010). The risk of floods may increase because 
of changes in snowmelt hydrology and more intense precipitation 
(Hamlet and Lettenmaier, 2007; Adam et aI., 2009), but the result
ing impacts on forests are expected to be relatively small in the NW 
(see Section 5.3 and Table 1). 

Because of the complex topography in the NW, local weather 
phenomena may decouple fine-scale and regional climate patterns 
(Daly et aI., 2007). Elevation, slope, aspect, soil type and vegeta
tion cover affect local thermal and moisture conditions, making it 
difficult to predict local climate change from regional trends. There
fore, adaptation strategies must be robust to both regional climatic 
trends and local, site-specific conditions. 

3. Forest adaptation to climate change 

Climate change will require trees and forests to cope with new 
climatic and biotic environments. Populations of trees may cope 

with new climates by acclimating, migrating to new locations, or 
evolving in place. If they cannot cope, they may disappear from 
local ecosystems. Mechanisms of adaptation must be understood 
to address the capacity of trees and forests to persist and thrive 
in the future. The word adaptation often has a broad meaning in 
the climate change literature, where it refers to the "adjustment 
of natural or human systems to new environments, which moder

ates harm or exploits opportunities" (tPCC, 2001 ). The "adjustment 
of natural systems" includes the acclimation, natural migration, 
and evolutionary adaptation we describe below. The "adjustment 
of human systems" includes the management practices applied by 
humans. 

We use the term adaptation as an evolutionary term, referring 
to the genetic and phenotypic changes that increase population fit
ness to a particular environment. 'Fitness', or adaptive value, is the 
relative ability of a group of genotypes to survive and reproduce in 
a particular environment compared to the optimum set of geno

types. As such, fitness represents a genetic measure of the health of 
a population. In contrast, 'acclimation' refers to the changes that 
allow individuals to better cope with new environments. These 
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Table 1 

Projected responses of trees and forests to climate change in the northwestern u.s. Responses are judged relative to one another based on an aggregate assessment of the 
expected extent (size of the response and affected area) and confidence in the listed direction and extent (Conf). 

Nature of change Tree and forest responses 

Direction Conf.' Spatial Process or effect Direction' Effect Conf.' Primary areas Relative 
scaleb sized impacted importancef 

1. Atmospheric CO, 
Increase VH G 1. Tree and stand growth + M M/H Areas not limited by M 

water or nutrients 
2. Water-use efficiency + L/M H All areas 
3. Drought hardiness 0/+ VL M/H Areas limited by water 
4. Nutrient availability L VL Nutrient-poor sites VL 
5. Regeneration success + L Unknown L 

2. Temperature 
Increase VH G 1. Heat injury + M/H Areas with warm L 

summer temperatures 
2. Evapotranspiration + H M/H All areas H 
3. Timing of germination A/D· M L Areas with mild 

winters 
4. Timing of bud flush A/D· H H Areas with mild M/H 

winters 
5. Spring frost injury +/- M L Unknown M 
6. Timing of bud set D L/M M Areas not limited by L/M 

water 
7. Fall frost injury +/- M Unknown M 
8. Growing season length +/- M Areas not limited by L 

water; Areas limited by 
temp. 

3. Precipitation 
Increase/decrease/ M R/S 1. Physical damage (e.g. + Prone sites 

changed intensity 
2. Physiological damage + L Prone sites 
(e.g. 

4. Drought 
Increase H R/S 1. Tree and stand growth H VH Areas limited by water VH 

2. Drought injury + H VH Areas limited by water H 
3. Mortality + H H Areas limited by water H 
4. Regeneration success H H Areas limited by water H 

5. Wildfire 
Increase VH R 1. Fire injury + M H Fire prone VH 

environments 
2. Tree and stand growth M H Fire prone VH 

environments 
3. Mortality + M H Fire prone VH 

environments 
4. Forest structure and Change M M Areas with infrequent H 
composition fires and large fuel 

loads 
5. Landscape structure Change M M Areas with infrequent H 

fires and large fuel 
loads 

6. Epidemics of insects and diseases 
Increase M R 1. Tree and stand damage + M M Predisposed stands and VH 

landscapes 
2. Tree and stand growth M M Predisposed stands and H 

landscapes 
3. Mortality + M M Predisposed stands and H 

landscapes 
4. Landscape structure Change M M Predisposed stands and H 

landscapes 

a Confidence. using the IPCC scale, that the direction of change will be as indicated: VH is very high, H is high, M is medium, L is low, and VL is very low. 
b Spatial scale of the change: G is global, R is regional (NW), and S is local or site-specific. 
, Projected direction of change of the process or effect: + is an increase, - is a decrease, and +/- is either an increase or decrease, A is an advance in timing, and D is a delay 

in timing. 
d Effect size: VH is very high, H is high, M is medium, L is low, and VL is very low. 
e Confidence that the direction of response and the effect size will be as indicated: VH is very high, H is high, M is medium, L is low, and VL is very low. 
f Relative importance given the nature of the change, projected tree and forest responses, areas impacted, and confidence levels . 
. Separation with a slash (f) indicates variation in response to warming: with slight warming, an A or + response is expected; with substantial warming, a D or - response 

is expected. 

changes may be biochemical (e,g., changes in gene expression), 

physiological, morphological, or developmental. The ability of an 

individual to acclimate, or alter its phenotype, is its phenotypic 

plasticity, 

Climate-related phenotypic plasticity is common and often dra

matic in forest trees, The timing of fall growth cessation, bud 

set, cold acclimation, and dormancy induction varies from year 

to year because of variation in the onset of cold temperatures, 
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which interact with short days to control these adaptive responses 
(Howe et aI., 2003). Similarly, spring bud burst varies depend
ing on the amount of chilling and warming during the winter 
and spring (Timmis et aI., 1994; Harrington et aI., 2010). Accli
mation to drought may occur in response to low soil moisture 
(Kozlowski and Pallardy, 2002). Because trees tend to be long
lived, phenotypic plasticity will be important for existing trees 
to cope with climate change. However, long-term provenance 
tests and genecological studies suggest that phenotypic plasticity 
alone will be insufficient for maintaining healthy and productive 
tree populations in the future (Wang et aI., 2006; St.Clair and 
Howe, 2007). Thus, migration or in situ evolution may be required 
to maintain sufficient population fitness in the face of climate 
change. 

Given time, tree species may be able to cope with climate change 
by migrating into new areas (i.e., range shifts) or by exchanging 
genes among genetically distinct populations. The first form of 
migration, which involves dispersal and colonization by seeds or 
vegetative propagules, is facilitated by disturbance. For example, 
locally adapted populations at the poleward (northward in the NW) 
limits of a species' range may be able to track the poleward move
ment of climatic conditions to which they are adapted. Nonetheless, 
these migration rates will probably be too slow to keep pace with 
climate change, at least for some forest trees (McLachlan et aI., 
2005; Aitken et aI., 2008; Mohan et aI., 2009; Gugger et aI., 2010). 
Species may also migrate to higher elevations, but with sufficient 
warming, these locally available habitats may eventually disappear. 
In contrast, the second form of migration also occurs via pollen. 
Although pollen can travel much farther than seeds and vegetative 
propagules, differences in flowering phenology between source 
and recipient populations may limit the rate of effective pollen 
migration between climatically distinct areas (Silen, 1963; Slavov 
et aI., 2005). 

Alternatively, populations may be able to adapt via in situ evolu
tion; that is, within-population changes in the frequencies of alleles 
and phenotypes that increase mean fitness. New alleles may enter 
existing populations via mutation (the ultimate source of new alle
les), and adaptive changes in allele frequencies can occur from 
one generation to the next via natural selection imposed by the 
climate. In practice, this strict form of in situ evolution will be 
augmented by gene immigration, primarily via pollen. Nonethe
less, individual populations contain large amounts of adaptive 
genetic variation - often 50% or more of total genetic variation 
(Howe et aI., 2003); and this can contribute substantially to the 
potential for in situ evolution. Traits that have been modified by 
natural selection to confer adaptation to local climatic conditions 
include survival, height growth, diameter growth, growth phe
nology, cold hardiness, drought hardiness, chilling requirements, 
and seed stratification requirements (Howe et aI., 2003; St.Clair 
et aI., 2005). Other traits, such as flowering phenology, seed produc
tion, and fundamental physiological processes may belong to this 
group as well, but have not been well studied at the population 
level. 

In situ evolution may be sufficient to track climate change 
in species with short to modest generation times (i.e., months 
to years; Jump and Pefiuelas, 2005; Smith and Beaulieu, 2009). 
This may not be the case for most forest trees, however, because 
they do not begin flowering until age 10-15 (Bonner and Karrfalt, 
2008), and the actual generation interval is often much longer (e.g., 
hundreds of years) because of infrequent stand-replacing distur
bances. Barring large-scale disturbances, the long-lived conifers 
of the NW will probably be regenerating in a climate that is 
substantially different from the present. Increased knowledge of 
important ecophysiological traits, including their inheritance and 
genetic architecture, will allow us to make better inferences about 
the future of our forests. 

4. Ecophysiological modeling of climate change impacts 

Models have proved very useful for projecting effects of climate 
change on trees and forests, because they can incorporate changes 
in many parameters. Mechanistic models of tree ecophysiology are 
important components of process-based species distribution mod
els (Coops et aI., 2009; Keenan et aI., 2011), systems for mapping 
and monitoring changes in forest productivity and carbon seques
tration (Turner et aI., 2007; Coops et aI., 2010), and may become 
important components of climate-sensitive, hybrid growth and 
yield models (Weiskittel et aI., 2010). Process-based models func
tion at scales ranging from single leaves to biomes (e.g. Farquhar 
and von Caemmerer, 1982; Wang andJarvis, 1990; Aber et aI., 2001 ; 
Coops et aI., 2001; Turner et aI., 2007), but those providing infor
mation on stands, species, and ecosystems will be especially useful 
for informing regional mitigation or adaptation strategies. 

Both statistical and mechanistic approaches have been used to 
explain current species distributions and to predict how these dis
tributions might change in response to climate change (Kearney 
and Porter, 2009). Statistical approaches (e.g., 'environmental enve
lope' or 'ecological niche' models) use correlations between species 
occurrence and environmental characteristics (e.g., climate, soils, 
and topography) to understand current distributions and predict 
where suitable habitat may be found in the future (Heikkinen 
et aI., 2006; Elith and Leathwick, 2009). However, they may inaccu
rately predict future species distributions (future realized niches) 
because they rarely account for other relevant factors such as biotic 
interactions, fire, [C021, and migration ability. Nonetheless, these 
statistical models are valuable for uncovering key relationships 
between environmental variables and the adaptive characteris
tics of species and populations (Heikkinen et aI., 2006; St.Clair 
and Howe, 2007). These relationships will be particularly impor
tant to include in ecophysiological process models. Information on 
ecophysiological adaptations and responses to climate are the foun
dation of mechanistic species distribution models (Kearney and 
Porter, 2009). Although the necessary ecophysiological informa
tion is unavailable for most species, successful mechanistic models 
should have a greater ability to extrapolate species distributions 
into no-analog and non-equilibrium conditions. Genetic variation 
and phenotypic plasticity are implicitly accounted for in statistical 
species distribution models, but unless migration is modeled, the 
ability of genetically adapted populations to migrate with suitable 
habitat is unknown. In contrast, population-level genetic variation 
must be explicitly included in mechanistic models via population 
specific parameters, but this is rarely done. 

Forest gap models are valuable for predicting landscape level 
. responses to climate change because they model competitive inter

actions and successional trends of forests over decades to centuries 
(Norby et aI., 2001). Gap models (e.g., FORCLlM, FOREL, JABOWA, 
LINKAGES, ZELlG, FORSKA, GUESS) are individual tree models that 
simulate forest dynamics on patch-sized areas of land, that are 
then scaled to stands and landscapes. These models come in many 
forms - some are predominantly empirical, whereas others are 
based on mechanistic process functions. Gap models form the foun
dation of some dynamic global vegetation models (Smith et aI., 
2001; Robinson et aI., 2008). Gap models use climate and other 
environmental information in combination with species-specific 
parameters that describe key ecophysiological processes. Although 
information is scarce for many species, accounting for within
species genetic variation in these parameters could improve gap 
models. Use of gap models to study climate change is limited by 
the difficulty of modeling how carbon allocation patterns may 
change in response to changes in climate and associated stres
sors (Wullschleger et aI., 2001 ). Furthermore, these models should 
account for changes in the length of the growing season and poten
tial acclimation of growth to new conditions (Norby et aI., 2001 ). 
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Some gap models allow for simple management practices such 
as harvesting, site preparation, managed fire, and N-fertilization 
(Robinson et aI., 2008). Although these models could be used to 
study regional management options (lasch et aI., 2005), they fall 
short in their capacity to predict how management activities will 
influence forest responses to climate change on a site-specific basis. 

5. Impacts of climate change on trees and forests in the NW 

Elevated [C021, warmer temperatures, and changed moisture 
regimes will interact to affect future trees and forests. It is dif
ficult to discern the interactive and possibly nonlinear responses 
of forests to multiple stresses, particularly using historical data or 
retrospective studies. Multi-factor manipulative experiments and 
modeling are invaluable for examining the possible responses to 
climate change, and for identifying the interactive "surprises" that 
are impossible to discern from single-factor studies (Norby and luo, 
2004). long-term ecological studies and eddy-flux measurements 
also provide evidence that forest have responded to recent changes 
in climate (Franklin et aI., 1990; Falk et aI., 2008). Therefore, when
ever possible, we focus the following discussion on evidence from 
these types of experiments to infer the responses of trees and forest 
to climate change. 

5.1. Elevated {CO2] 

Elevated [C021 will impact forests both indirectly and directly. 
As a greenhouse gas, C02 will exacerbate changes in the energy 
fluxes driving changes in climatic variables. Elevated [C021 may 
influence tree growth, reproduction, and mortality by impacting 
assimilate supply via direct effects on physiological processes of 
photosynthesis, respiration, and transpiration. Over the past three 
decades, the direct effects of elevated [C021 have been studied at 
increasingly larger scales (e.g., potted seedlings, small-scale field 
trials of young trees, and microcosms), allowing inferences to be 
extended from tissues, to whole-plants, to groups of trees, and 
from short durations, to seasons, and years. State-of-the-art free
air C02 enrichment (FACE) studies expose small areas of relatively 
intact vegetation to controlled concentrations of atmospheric CO2, 
thus avoiding some of the limitations of chamber-based expo
sure systems (Ainsworth and long, 2005). Inferences from forests 
growing near natural C02 springs have been used to examine the 
effects of [C021 gradients and long-term exposure (Hattenschwiler 
et aI., 1997; Tognetti et aI., 1999). Although scale limitations per
sist, we can make reasonable predictions of the potential effects 
of elevated [C021 on trees and forests, but interactions with other 
climatic changes may be missed. Process-based models that inte
grate changes in climate with plant responses through functional 
relationships may be the best means for addressing these interac
tions. 

Tree growth was generally enhanced in elevated [C021 in both 
short- and long-term studies (Ceulemans and Mousseau, 1994; 
Curtis and Wang, 1998; Norby et aI., 1999; Hamilton et aI., 2002; 
Nowak et aI., 2004; Ainsworth and long, 2005; Delucia et aI., 2005; 
Finzi et aI., 2006, but see Korner et aI., 2005; Norby et aI., 201 0), and 
the response may be modulated by other stresses (Curtis and Wang, 
1998). At the individual tree level, increased growth results from 
physiological adaptations that optimize photosynthetic C acquisi
tion and allocation (Eamus and Jarvis, 1989; Pushnik et aI., 1995). 
The leaf area of individual trees and stands (i.e., leaf area index, 
lAl) may increase under elevated [C021 (Ceulemans and Mousseau, 
1994; Ainsworth and long, 2005), but the maximum lAI is typi
cally similar in ambient and elevated [C021 (Norby et aI., 2003b; 
Delucia et aI., 2005). Many studies found increases in the produc
tion and standing crops of tree roots under elevated [C02]. and 

increases in the amount and depth of fine-root growth were partic
ularly noticeable (Allen et aI., 2000; Tingey et aI., 2000; lukac et aI., 
2003; Norby et al., 2004; Pritchard et al., 2008, but seeJohnson et aI., 
2006; Bader et aI., 2009). Nonetheless, there have been no life-cycle 
assessments of these growth responses, and for some multi-year 
exposures, enhanced growth has been transitory (e.g., Asshoff et aI., 
2006; Norby et aI., 2010). 

It is unclear whether elevated [C021 will alter tree allome
try, such as changes in root:shoot ratios (Callaway et aI., 1994; 
Ceulemans and Mousseau, 1994; Norby et aI., 1999; Tingey et aI., 
2000; McCarthy et aI., 2010). In separate FACE studies, the decidu
ous tree Liquidambar styraciflua allocated most of the extra carbon 
it assimilated in the elevated [C021 treatment into non-woody fine 
roots (Norby et aI., 2004), whereas the evergreen Pinus taeda allo
cated most of its additional carbon into woody biomass (Hamilton 
et aI., 2002). Because fine roots have rapid turnover, these differ
ences may have ramifications for C cycling and overall productivity 
(Delucia et aI., 2005). 

It is also unclear whether elevated [C021 will interact with 
warmer temperatures (C x T interaction) to affect biomass growth 
or allocation. In a P. menziesii mesocosm experiment, warming 
affected seasonal growth patterns and seedling height, but stem 
diameter, whole seedling biomass, and biomass allocation were 
unaffected by warming, [C02]. or their interaction (Olszyk et aI., 
1998a,b, 2003). In seedlings of Acer rubrum and Acer saccharum, the 
dry mass of stems was reduced by warming, but this effect was 
greater in ambient than in elevated [C021 (Norby and luo, 2004). 
However, these species differed in their response to elevated [C021, 
and their final biomass was determined by multiple processes that 
were differentially affected by the combination of warming and 
[C021 (Norby and luo, 2004). 

Elevated [C021 directly affects plant physiological processes. 
Most trees are C3 plants in which C02 and oxygen (02) compete for 
the active site of the primary enzyme involved in photosynthesis, 
Rubisco. When C02 is used as the substrate, C02 assimilation occurs 
via photosynthesis (Ps), but when 02 is the substrate, C02 is pro
duced as an outcome of photorespiration. Elevated [C021 increases 
the CO2 concentration in leaves and at the active sites of Rubisco, 
and can enhance light-saturated photosynthetic rates in woody 
plants by 2-280%, depending on species and environmental condi
tions (Curtis and Wang, 1998; Norby et aI., 1999; Nowak et al., 2004; 
Ainsworth and Rogers, 2007). Over time, though, stimulation of Ps 

in elevated [C021 may decline as a result of biochemical adjust
ments in leaves (Stitt, 1991; Bowes, 1993; Tissue et aI., 1999) or 
changes in sink activity, competition, or other stresses (Ceulemans 
and Mousseau, 1994; Saxe et aI., 1998). Acclimation is not universal, 
however, and even when the declines in photosynthetic capacity 
occur, the rates of Ps may be greater in elevated than in ambient 
[C021 (Norby et aI., 1999; Nowak et aI., 2004). Although plants fix C 
via photosynthesis, they also evolve CO2 through respiration (Rd). 

In general, respiration decreases at elevated [C021 (Drake et aI., 
1997; Curtis and Wang, 1998), but results vary and no consistent 
picture has emerged (Norby et aI., 1999; Hamilton et aI., 2001). 
Overall, our understanding of respiration at the cellular level is 
incomplete, and we cannot use information at the cellular level to 
predict the effects of elevated [C021 on respiration of whole-trees 
or ecosystems (Drake et aI., 1999; Valentini et aI., 2000). 

The simultaneous impact of elevated [C021 and warming may 
be important because they affect the efficiency of photosynthe
sis, and hence plant C balance, in contrasting ways. Elevated [C021 
tends to decrease photorespiration and mitochondrial respiration, 
but warmer temperatures generally increase these processes (long, 
1991; Bowes, 1993; Saxe et aI., 1998; Norby et aI., 1999). Thus, the 
relative stimulation of Ps by elevated [C021 should be enhanced in 
warmer temperatures (long, 1991 ). This prediction was supported 
by observations in seedlings of P. taeda (Lewis et aI., 1996), but 
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not in other tree species (Tjoelker et aI., 1998). No significant C x T 
interactions were found in a P. menziesii mesocosm study for photo
synthetic and respiration parameters at the leaf level (Lewis et aI., 
1999, 2001, 2002; Apple et aI., 2000), but these factors were not 
independent in the long-term, or at the whole-system level (Tingey 
et aI., 2007). When both factors were acting together, canopy Ps and 
Rd were not significantly different from those in current ambient 
conditions. 

Tree and forest responses to elevated [C021 will interact with 
water availability. Plant water-use efficiency (WUE) is expected to 
increase under elevated CO2 (Table 1) due to reduced stomatal con
ductance (gs), increased carbon assimilation (Ps), or both (Drake 
et aI., 1997). However, WUE is usually assessed at the leaf level 
(instantaneous WUE defined either as Ps/transpiration or Ps/gs), 
and individual-leaf measures may not be indicative of whole-plant 
or canopy responses (Wullschleger et aI., 2002a). Unfortunately, 
the more appropriate integrated measure of WUE - the "biomass 
water ratio" (biomass production/transpiration) (Morison et aI., 
2008) - is rarely reported in trees, making it difficult to evalu
ate the importance of WUE for plant water status during drought 
(Wullschleger et aI., 2002b). Also, few studies have investigated 
how plant water-use under elevated [C021 affects the soil water 
content in forests. Compared to ambient [C02]. there may be no 
change in soil water content (Ellsworth, 1999), or significant water 
savings in the top soil horizons (Hungate et aI., 2002; Leuzinger and 
Korner, 2007), except after a long drought (Leuzinger et aI., 2005). 
Thus, trees growing under elevated [C021 may conserve soil mois
ture and prolong active growth during mild water stress, as long 
as the water is not used by other plants or evaporated from the 
surface. However, these positive effects on water retention may be 
unrealized if drought intensity increases in the future (Heath, 1998; 
Wullschleger et aI., 2002a). 

Although elevated [C021 may increase WUE (particularly at the 
leaf level), there may be no associated increase in drought hardi
ness (tolerance or resistance) or tree growth under water stress 
(Guehl et aI., 1994; Dixon et aI., 1995; Tschaplinski et aI., 1995; 
Beerling et aI., 1996; Saxe et aI., 1998). During the eight-year exper
iment in the Duke Forest FACE, basal area increment (BAI) was 
greater in the elevated [C021 treatment than in the control, and the 
relative stimulation of BAI was greatest during a severe drought 
(Moore et aI., 2006). Nonetheless, the BAI in both treatments was 
lower in this drought year than in any other year. In other seedling 
experiments, leaf-level WUE was greater under elevated [C02]. 
but biomass accumulation during drought was either lower or not 
different from trees growing under well-watered ambient [C021 
conditions (Guehl et aI., 1994; Tschaplinski et aI., 1995; Anderson 
and Tomlinson, 1998). Thus, elevated [C021 may ameliorate but 
not eliminate the adverse effects of drought (Table 1 ). Much more 
research is needed to understand how elevated [C021 interacts with 
droughts and other stresses to affect tree and stand growth. 

Nutrient availability, particularly nitrogen (N), may determine 
whether forests benefit from elevated [C021 because there may be 
little response on nutrient-poor sites (Table 1; Curtis and Wang, 
1998; Oren et aI., 2001; McCarthy et aI., 2010). Furthermore, 
increases in C assimilation may increase the demand for N to sup
port additional plant growth, and increase the sequestration of C 
and N into long-lived pools (e.g., plant biomass and soil organic 
matter). This may lead to a subsequent decline in growth due to 
"progressive nitrogen limitation" (Luo et aI., 2004). Although NPP 
(net primary production) increased under elevated [C021 at four 
forest FACE sites (Norby et aI., 2005; Finzi et aI., 2006; Moore et aI., 
2006; McCarthy et aI., 2010), these responses may be transient and 
limited by the availability of N and other resources (McCarthy et aI., 
2010; Norby et aI., 201 0). Even at the N-limited FACE sites, however, 
the typical response was an increase in N uptake, not an increase in 
nitrogen-use efficiency, and this contrasts with most biogeochemi-

cal models (Finzi et aI., 2007). Nonetheless, responses of NW species 
and forests may differ because N deposition rates are mostly lower 
in the NW than in the eastern US (Fenn et aI., 1998, 2003; Sparks 
et aI., 2008) where the forest FACE sites are located. The long-term 
consequences of interactions between elevated [C021, increased 
NPP, N uptake, and N availability need further study (Hyvonen et aI., 
2007; McCarthy et aI., 2010). 

Increased nutrient demands should be partly alleviated by faster 
decomposition of organic matter and greater mineralization rates 
in warmer climates (Rustad et aI., 2001). Because elevated [C021 
should stimulate microbial activity and increase total biomass (Le., 
because of increased inputs of soil carbon), much of the mineralized 
N may be immobilized by microbes and not available for trees (Saxe 
et aI., 2001 ). This prediction, however, has not been supported by 
experimental results (Zak et aI., 2003). Changes to litter chemical 
composition under elevated [C021 may affect decomposition rates 
and the release of nutrients (Olszyk et aI., 2003; Korner et aI., 2005, 
but see Finzi et aI., 2001). The interaction between temperature 
and soil moisture will also be important because decomposition 
and mineralization rates are slower in both dry and saturated soils 
(Prescott, 2005). An increased demand for nitrogen may be partly 
alleviated by N deposition (Fenn et aI., 1998; Pregitzer et aI., 2008). 

Elevated [C021 may increase the amount of carbon allocated 
to reproduction Uablonski et aI., 2002). Under elevated [C02]. P. 
taeda trees matured earlier, flowered in greater numbers, and pro
duced more pollen, cones, and seeds in the Duke FACE experiment 
(LaDeau and Clark, 2001, 2006a,b). Seeds produced in elevated 
[C021 were heavier, had greater lipid contents, germinated faster, 
and germinated at a higher percentage than those developed under 
ambient [C021. Although the resulting seedlings had longer roots 
and more needles, total biomass was unaffected (Hussain et aI., 
2001 ). Similar results were observed for Betula papyri/era in another 
FACE study (Darbah et aI., 2007). These findings suggest that ele
vated [C021 could reduce the time to flowering, increase seed 
production, and improve seed quality, leading to improved seedling 
emergence (Table 1 ). Recruitment rates, however, may respond dif
ferently. Mohan et al. (2007) examined below-canopy survivorship 
of early- and late-successional species in the Duke Forest FACE 
experiment. Overall, seedling survivorship was slightly higher in 
elevated [C02]. but species differences were large, and mostly asso
ciated with shade tolerance and previous year's growth (Mohan 
et aI., 2007). Interactions between elevated [C02]. temperature and 
water availability have been shown to affect seedling emergence 
and establishment in three early-successional tree species in an 
old-field (Classen et aI., 2010). Soil moisture was the best predictor 
of seedling establishment, but the magnitude of the effect varied 
according to species seed phenology (Classen et aI., 2010). Con
sequently, interactions with other stresses and disturbances will 
probably affect regeneration success, and ultimately forest compo
sition and structure, more than will the direct effects of elevated 
[C021 (see Section 5.5). 

Elevated [C021 will probably favor some plants over others. For 
example, it should provide more growth benefits to C3 compared 
to C4 plants. Although C assimilation in C3 plants may saturate 
at high C02 concentrations (above 450 ppm), saturation of Ps is 
not straightforward, because high C02-grown plants may exhibit 
higher C02-saturation points (Sage et aI., 1989). Among C3 plants, 
however, responses to elevated [C021 vary widely among studies, 
genera, species, and genotypes (Tolley and Strain, 1984; Rogers 
et aI., 1994; Houpis et aI., 1999; Anderson et aI., 2003; Ainsworth 
and Long, 2005). In forest trees, there have been relatively few 
studies of within-species variation in responses to elevated [C021. 
Of western North American species, intra-specific variation has 
been evaluated in P. ponderosa, but these studies involved rela
tively few families (:::: 20), provenances (3-7) or distinct ecotypes 
(2) (Surano et aI., 1986; Houpis et aI., 1988, 1999; Callaway et aI., 
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1994; Delucia et aI., 1994; Pushnik et aI., 1995, 1999; Anderson 
et aI., 2003). For example, seedlings of P. ponderosa from the Sierra 
Nevada increased their height and volume growth in elevated [C021 
more than did seedlings from the Rocky Mountains (Surano et aI., 
1986; Houpis et aI., 1988). In another study, half-sib seedlings orig
inating from three native maternal sources varied in stem growth 
responses to increasing [C02]. but displayed similar physiological 
responses - increased photosynthetic rate, decreased pigmenta
tion and decreased light-use efficiency (Anderson et aI., 2003). 
Unlike responses to temperature and moisture (discussed below), 
responses to [C021 are unlikely to vary substantially among pop
ulations (i.e., because of within-species genetic variation). This 
is because among-popUlation genetic variation is strongest when 
there are large differences in environmental conditions among 
locations, and when adaptations in some environments, are disad
vantageous in others (i.e., tradeoffs exist; Howe et aI., 2003), which 
is not the case for [C021. 

To summarize, increases in atmospheric [C021 should be some
what favorable for trees and forests, resulting in increased growth, 
vigor, regeneration, and survival. However, increases in [C021 will 
not occur in isolation, but are expected to occur in combination 
with warmer temperatures and increased drought stress. Elevated 
[C021 enhances WUE at the leaf level, but this is unlikely to trans
late into large increases at the tree or stand levels, or substantially 
increase drought hardiness. Consequently, the adverse effects of 
these other climatic changes will probably be much larger than 
the positive effects of higher [C021. Therefore, rather than focus
ing on the direct effects of C02 alone, it is important to understand 
whether elevated [C021 will mitigate the adverse effects of other 
climatic stressors. Unfortunately, we have only limited information 
on these interactions, and how they might differ by developmen
tal stage or among species or functional groups. Ultimately, these 
interactions must be realistically integrated into physiological pro
cess models to confidently predict ecosystem responses to climate 
change. 

5.2. Elevated temperatures 

Temperature affects forest ecosystems at scales ranging from 
the chemistry of fundamental physiological processes to plant 
development to biogeochemical cycles. Recent warming has 
already resulted in earlier flowering and vegetative bud burst in 
forest trees (Badecl< et aI., 2004; Menzel et aI., 2006; Parmesan, 
2007; Korner and Basler, 2010). These trends are expected to con
tinue in both the NW and elsewhere, at least for moderate increases 
in temperature. Genetic differences in the timing of bud burst, bud 
set, and flowering indicate that species and populations are gener
ally adapted to their local temperature environments (Howe et aI., 

2003). Thus, elevated temperatures will directly affect adaptabil
ity of trees and forests via effects on plant phenology and growth, 
and indirectly through interactions with other stressors and dis
turbances that will affect species distributions, forest composition, 
and forest structure. 

Warmer temperatures tend to enhance plant biochemical and 
physiological processes as long as optimum temperatures are not 
exceeded and moisture is adequate. In the short term, moderate 
warming tends to increase rates of Ps and Rd (Saxe et aI., 2001 ), 
but these rates may decline after prolonged exposure to elevated 
temperatures (Tjoelker et aI., 1998, 1999; Teskey and Will, 1999; 
Gunderson et aI., 2000; Atkin and Tjoelker, 2003; Way and Sage, 
2008). This acclimation suggests that long-term C fluxes in response 
to warming will differ from those predicted from the instantaneous, 
short-term responses. Because warming stimulates photorespira
tion in C3 plants, net C gain may be lower in the future. However, 
higher C02 concentrations may counteract the increase in pho
torespiration (Long, 1991; Drake et aI., 1997, see Section 5.1 ). 

In addition to the effects on biochemical and physiological pro
cesses, warming may result in more frequent and severe heat 
events (IPCe, 2007) that expose trees to temperatures above their 
threshold for heat injury (Table 1). High temperatures may directly 
damage cell membranes and disrupt structure and function of pro
teins, leading to a number of harmful metabolic changes (Levitt, 
1980; Nilsen and Orcutt, 1996). Exposure to high temperatures at 
the soil surface often results in cambial girdling in open-grown 
seedlings (Helgerson, 1990), but exposure to heat in excess of 40°C 
may lead to other injuries and mortality (Seymour et aI., 1983; 
Seidel, 1986). Abnormalities in bud development were observed 
when P. menziesii seedlings were exposed to temperatures exceed
ing 40°C (Apple et aI., 1998). Although this was reversible, it 
was associated with irregularities in bud burst, probably result
ing from heat shock or insufficient chilling (Apple et aI., 1998). 
Increased transpiration reduces leaf temperatures, but may also 
lead to increased drought injury associated with warming (Table 1 ; 
Levitt, 1980); on the other hand, stomatal closure reduces transpi
ration but also increases leaf temperatures, which may increase 
respiration or damage foliage. 

The consequences of warming must be evaluated based on lim
itations at specific sites. For example, growth limitations for Tsuga 

mertensiana at high elevations in the NW arise from short grow
ing seasons associated with low temperatures and long durations 
of snow cover; and at warmer locations in southern Oregon, from 
high summer temperatures and low water availability (Peterson 
and Peterson, 2001 ). Similar degrees of spring and summer warm
ing would have distinctly different consequences for trees in these 
two settings. In areas with adequate moisture, slight warming will 
probably increase growth by extending the duration of tempera
tures favorable for growth. However, where moisture is limited, 
warming will probably cause growth to cease earlier in the season, 
and increase evaporative demand, thus exacerbating the negative 
effects of drought stress (reviewed in Allen et aI., 2010, see also 
Section 5.4). Based on long-term provenance tests, the growth 
of P. contorta is expected to increase if temperatures increase 
about 1.5 0e, then decline thereafter (Wang et aI., 2006). These ini
tial increases in growth probably result from the positive effects 
of moderately warmer temperatures in the cold-limited environ
ments inhabited by this species. 

Climatic warming may affect the timing and success of seed 
germination and, thus, regeneration success in naturally regen
erated forests (Table 1). NW forest trees have a wide range of 
seed dormancy - from none to complex (Farmer, 1997; Finch
Savage and Leubner-Metzger, 2006; Bonner and Karrfalt, 2008). As 
long as future climates continue to satisfy seed chilling (stratifi
cation) requirements for species with some level of physiological 
seed dormancy, warmer spring temperatures may be favorable for 
seed germination and recruitment. Warmer fall temperatures may 
affect germination of non-dormant seeds. In T. plicata, for example, 
warmer conditions may cause fresh seed to germinate in the fall 
(Burns and Honkala, 1990; c.A. Harrington, unpublished results), 
thereby increasing winter mortality. In oaks, warm and dry falls 
may reduce germination because of desiccation and mortality of 
acorns. In general, we have insufficient information on the long
term consequences of climatic warming for all phases of plant 
regeneration - from flower bud differentiation through pollen shed, 
fertilization, seed development, seed dispersal, dormancy release, 
germination, and early seedling growth. The processes beyond seed 
germination will likely determine regeneration success in future 
climates. 

Winter dormancy is an important adaptive strategy because it 
prevents trees from flushing during short warm periods in the win
ter. Dormancy induction and release may limit the ability of trees to 
take advantage of longer periods of favorable temperatures in the 
future. Temperature plays a dual role in the release of dormancy 
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(Linkosalo et aI., 2006). Cold temperatures slightly above freezing 
help satisfy chilling requirements for rest completion. Once critical 
chilling requirements are met, warm temperatures then acceler
ate bud burst. Based on studies of these processes, scientists have 
developed quantitative models to predict the timing of flowering 
and vegetative bud burst under different winter and spring tem
perature regimes (Chuine, 2000; Saxe et aI., 2001; Linkosalo et aI., 
2006; Hanninen and Kramer, 2007; Harrington et aI., 2010). These 
models will be important components of process-based growth and 
species distribution models (Chuine, 2010). 

Phenological responses to climate change will depend on the 
amount and timing of warming and its impact on the ability of 
species and populations to meet their chilling and flushing require
ments (Morin et aI., 2009). Many observations (Menzel et aI., 
2006; Linkosalo et aI., 2009) and modeling studies (Hanninen, 
1991; Linkosalo et aI., 2000) indicate that bud burst will advance 
with moderate warming, given that chilling requirements have 
been satisfied. Warming of about 2-3°C is expected to hasten 
bud break in P. menziesii, but with greater warming, bud burst 
may be delayed because of insufficient chilling (Guak et aI., 1998; 
Harrington et aI., 2010). With more substantial warming (>3°C), 
chilling may be insufficient in other species as well, reSUlting in 
delayed bud burst and poor growth (Worrall, 1983; Cannell and 
Smith, 1986; Murray et aI., 1989; Morin et aI., 2009). For exam
ple, species from mild maritime climates often have higher chilling 
requirements (Cannell and Smith, 1983; Hannerz et aI., 2003) that 
may not be met under substantial warming. Populations within 
species also differ in their chilling requirements (Campbell and 
Sugano, 1979; Leinonen, 1996; Hannerz et aI., 2003). In some 
species, warmer temperatures during dormancy induction in the 
fall may also increase chilling requirements and delay bud burst in 
the spring (Heide, 2003; Junttila et aI., 2003; S0gaard et aI., 2008). 
Thus, dormancy release and bud burst may be unaffected, occur 
earlier, or occur later in future climates, depending on the chilling 
requirement of the species and population, as well as the degree and 
timing of warming (Table 1). Interactive influences of temperature 
and [C02] on phenology may be minor with warming being the 
dominant driver (Murray et aI., 1994; Repo et aI., 1996; Ceulemans, 
1997; Guak et aI., 1998; Olszyk et aI., 1998a; Norby et aI., 2003a; 
Slaney et aI., 2007). 

Paradoxically, warming may lead to increased spring frost dam
age if increased temperatures hasten dehardening. Large-scale frost 
damage to vegetation in the eastern U.S. and northeastern Ontario 
in the spring of 2007 illustrates the possible consequences (Gu et aI., 
2008; Man et aI., 2009). However, it is difficult to judge the future 
risk of frost damage because of uncertainty in projecting the tim
ing of spring frosts and in the phenological responses to complex 
patterns of warming (Hanninen, 1991, 2006; Murray et aI., 1994; 
Kramer et aI., 1996, 2000; Linkosalo et aI., 2000; Hanninen et aI., 
2001; Jonsson et aI., 2004 ). If moderate warming occurs without an 
increase in temperature variability, the probability of frost events 
may stay the same or decrease (Table 1); however, if frost occurs, 
the consequences may be more severe, at least for tree populations 
adapted to current climates. 

Climatic warming will probably delay bud set and growth ces
sation in the fall (Table 1), but the effect may be small because 
the duration of seasonal growth is constrained by photoperiodic 
and endogenous controls (Hanninen and Kramer, 2007), as well as 
seasonal moisture deficits (Aitken et aI., 2008). Low night temper
atures hasten bud set Ounttila, 1980; Downs and Bevington, 1981), 
and in some very northern clones of Populus, bud set can be induced 
using low temperatures alone (i.e., under a 24-h photoperiod; G.T. 
Howe, pers. observation). Thus, in the absence of low temperature 
cues, growth cessation may be delayed. Bud set and growth cessa
tion are also associated with temperature sums during the growing 
season, but because temperature sums and developmental stages 

are confounded, this may actually result from developmental dif
ferences in sensitivity to photoperiod (Partanen, 2004). Although 
low, near-freezing temperatures are important for inducing cold 
acclimation (Levitt, 1980), a delay in cold acclimation due to cli
matic warming should not have a major adverse effect as long as 
damaging fall frosts are delayed as well (Table 1). Thus, climatic 
warming is expected to lengthen the duration of favorable grow
ing temperatures, but trees may not be able to begin growing earlier 
in the spring (e.g., if chilling requirements are unmet) or grow later 
into the fall (e.g., if growth is constrained by photoperiod, drought, 
or endogenous controls). For species and populations with good 
experimental data, we can examine the consequences of alterna
tive climate change scenarios using phenological process models, 
but for other species, it is difficult to predict the magnitude, or 
even direction, of change in the duration of seasonal growth in the 
long-term (Table 1 ). 

The effects of climate change will be influenced by genetic vari
ation in growth phenology among populations. Genetic differences 
in phenology may result from variation in chilling requirements 
(Perry and Wu, 1960; Hannerz et aI., 2003; Junttila et aI., 2003), 
flushing requirements (Beuker, 1994), or both (Campbell and 
Sugano, 1979). Genetic differences in growth phenology and cold 
hardiness, which reflect local adaptations to cold temperatures, 
have been found in many NW species, including Alnus rubra 

(Cannell et aI., 1987), P. menziesii (Campbell and Sorensen, 1973; 
Rehfeldt, 1978; St.C1air et aI., 2005), P. contorta (Rehfeldt, 1988), 
P. ponderosa (Rehfeldt, 1986a,b), Picea sitchensis (Cannell et aI., 
1985), T. heterophylla (Kuser and Ching, 1980), and Larix occiden

talis (Rehfeldt, 1982), but less so in Pinus monticola (Rehfeldt, 1979; 
Rehfeldt et aI., 1984; Chuine et aI., 2006). In addition to differen
tiation among populations, there is substantial genetic variation 
among trees within populations (cf. Campbell, 1979; Rehfeldt, 
1983), indicating some potential for in situ evolution. 

Future species distributions and forest compositions will reflect 
new competitive relationships among species that result from the 
different ways species respond to warming. For example, some 
treelines have advanced during the 20th century (Parmesan and 
Yohe, 2003; Harsch et aI., 2009), and the optimum locations for 
some species have moved to higher elevations (Lenoir et aI., 2008). 
Plant migration rates, population structures, and forest health will 
depend partly on the direct effects of warming on flowering, seed 
production, dispersal, germination, recruitment, and competitive 
interactions. However, the indirect effect of warming on water bal
ance and drought stress will probably have greater consequences 
for many forest ecosystems (Adams et aI., 2009; Allen et aI., 2010; 
see Section 5.4). A better evaluation of the simultaneous effects 
of warming, elevated [C02] and drought on plant physiology and 
ecosystem processes is needed. 

5.3. Precipitation 

Although projections of future precipitation are less certain than 
those for temperature, projected decreases in snowpack, earlier 
snowmelt, and increases in the frequency of heavy precipitation 
events, may increase the frequency of flood-related injuries (Table 
1; Hamlet and Lettenmaier, 2007). Flooding causes physical dam
age to plants and soils through mechanical stresses, soil erosion 
and sediment deposition. Inundation also affects soil structure, 
depletes soil oxygen, and causes physiological injuries that often 
lead to growth reductions and plant mortality (Dreyer et aI., 1991 ; 
Gardiner and Hodges, 1996; Pezeshki et aI., 1996; Kozlowski, 1997; 
Jackson, 2002; Kreuzwieser et aI., 2002, 2004). The consequences of 
flooding, however, will depend on the timing and duration of the 
flood, and the quality of water (Glenz et aI., 2006). During active 
tree growth, flooding may cause both physiological and physical 
damage (Table 1), but during the dormant season, it may have Iit-
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tIe effect on tree physiology (Kozlowski, 1997). Future flooding 
risks in the NW will be associated primarily with the effects of 
warmer midwinter temperatures on watershed hydrology (Hamlet 
and Lettenmaier, 2007). Within watersheds, however, the impacts 
will be mostly localized toward the flood-prone sites (e.g., ripar
ian forests), poorly drained soils susceptible to waterlogging, and 
slopes susceptible to debris flow (i.e., landslides or mudslides) 
(Table 1 ). At a broader scale, projected increases in the frequency 
and severity of droughts will probably have greater consequences 
for forests. 

5.4. Drought 

Droughts adversely affect multiple processes in trees and 
forests, including gas exchange, C allocation, growth, survival, and 
regeneration (cf. Fritts, 1966; Hsiao et aI., 1976; Hinckley et aI., 
1979; Lawlor and Cornic, 2002; Ciais et aI., 2005; Breda et aI., 2006; 
Flexas et aI., 2006; Rennenberg et aI., 2006; McDowell et aI., 2008). 
Adaptations to drought are evident from the changes in species 
composition and drought hardiness that occur along moisture gra
dients in the NW (Franklin and Dyrness, 1988). Droughts affect trees 
directly and predispose forests to damage by insects, diseases and 
wildfires, potentially leading to shifts in species distributions and 
large-scale changes in forest community composition and struc
ture (e.g. McDowell et aI., 2008; Breshears et aI., 2009). Projected 
increases in temperatures may exacerbate future droughts (Adams 
et aI., 2009; Allen et aI., 2010). 

. 

Growth is more sensitive than many other plant processes to 
moisture stress (Boyer, 1970; Hsiao et aI., 1976). Depending on 
the seasonality of drought, shoot growth and leaf area may be 
affected differently for species with seasonally determinate versus 
seasonally indeterminate shoot growth. Younger trees of many NW 
species are capable of free growth as long as environmental condi
tions are favorable (Cline and Harrington, 2007); therefore, height 
growth may be curtailed by mid- and late-season droughts in these 
species. Furthermore, if these droughts are broken while photope
riod is still permissive for growth, multiple flushing could become 
more common, with possible negative impacts on stem form and 
log quality. Late-season droughts may limit diameter growth, but 
have little effect on height growth and leaf area development in sea
sonally determinate species, because these processes are usually 
completed earlier in the growing season. However, in five decid
uous tree species, severe late-season droughts had little impact 
on diameter growth (Hanson et aI., 2001 ). Emerging seedlings are 
highly sensitive to drought during germination, and because shoot 
growth typically continues later into the growing season, late
season droughts may impact seedlings much more than they affect 
mature trees. In contrast, water stress increases with foliage height 
within a tree because of the effect of gravity on the water column 
that reduces turgor and likely limits cell division and expansion, 
and thus, growth (Woodruff et aI., 2004, 2008). Droughts may 
also reduce leaf area by limiting the production or expansion of 
leaf primordia, or by causing premature shedding of leaves (Tyree 
et aI., 1993; Breda et aI., 2006). Although growth will be impacted 
(Table 1 ), it is difficult to predict which growth components will be 
most affected by droughts in future climates. 

The effects of drought on tree growth and biomass allocation 
may affect tree competitive status. Tree growth may be limited 
because of reduced nutrient uptake under water stress. This lim
itation is a result of reduced root growth, greater root mortality, 
shrinkage of roots and soil, slower decomposition and mineraliza
tion, and restricted mass flow of nutrients in dry soil, and altered 
kinetics of nutrient uptake (Bloom et aI., 1985; Gessler et aI., 2004; 
Prescott, 2005). During low-severity drought, root growth may 
decrease relatively less than shoot growth, leading to an increase 
in the root:shoot ratio (Kramer and Boyer, 1995). This response is 

usually more pronounced in seedlings than in mature trees (Joslin 
et aI., 2000), although it may be species-dependent (Leuschner 
et aI., 2001 ). 

In trees, dehydration avoidance is typically more common than 
dehydration tolerance (Pallardy, 1981; Oliver, 1996; Chaves et aI., 
2003). Therefore, traits that allow trees to withstand droughts by 
minimizing water loss or maximizing water uptake will be impor
tant in future, drought-prone climates. These adaptations must be 
balanced by the need to acquire C02. Water and carbon balance 
are tightly linked in trees, and both are affected by water stress. 
Transpirational water loss inevitably accompanies carbon assim
ilation. With increasing evaporative demand, stomatal aperture 
decreases, restricting water efflux, and preventing excessive dehy
dration. However, stomatal closure also limits C02 diffusion into 
the leaf and, thus, photosynthesis (Cornic, 2000; Yordanov et aI., 
2000; Chaves et aI., 2002). Water stress may also decrease Ps via 
direct effects on the photosynthetic machinery (Tezara et aI., 1999; 
Flexas et aI., 2004), or indirectly through alterations of growth and 
sink capacity. In drought-stressed plants, respiration is usually less 
affected than Ps (Kramer and Boyer, 1995), leading to a net loss of 
C (Lawlor and Cornic, 2002; Flexas et aI., 2006). However, much 
is unknown about the response of Rd to water stress (Rennenberg 
et aI., 2006; Loreto and Centritto, 2008). 

Stomata respond to a host of correlated environmental stimuli, 
including light, temperature, and vapor pressure deficit. Stomatal 
function is also affected by C02 (Jarvis and Davies, 1998;jarvis et aI., 
1999), and the internal balance of nutrients (Kramer and Boyer, 
1995) and growth regulators (Wilkinson and Davies, 2002; Dodd, 
2003). Hormonal and hydraulic signals for stomatal closure seem 
to be integrated in nature (Tardieu and Davies, 1993; Comstock, 
2002). Although regulation of stomatal function is complex, an inte
grated view of plant hydraulic architecture and stomatal response 
to drought is needed for greater insight into tree and forest adapt
ability to drought (Lovisolo et aI., 2010). 

Because hydraulic architecture governs the movement of water 
from roots to leaves (Tyree and Ewers, 1991; Cruiziat et aI., 2002; 
McCulloh et aI., 2010), it may provide insights into the potential of 
trees to adapt to future drier climates. For example, species native 
to xeric habitats tend to have greater xylem conductivity and resis
tance to embolism than those found in mesic habitats (Cochard, 
1992; Pockman and Sperry, 2000; Maherali et aI., 2004). Strongly 
negative xylem water potentials that develop during drought cause 
embolism and xylem dysfunction (Table 1 ; Sperry and Tyree, 1988, 
1990) that may lead to plant hydraulic failure in extreme cases 
(Tyree and Sperry, 1988). Embolized conduits can refill and restore 
hydraulic conductance (Tyree et aI., 1999; Holbrook et aI., 2001), 
but more research is needed to elucidate the mechanisms of 
embolism repair (Zwieniecki and Holbrook, 2009) and to under
stand their contribution to drought resistance, particularly in tall 
trees (Meinzer et al., 2001). Consequently, mechanisms for prevent
ing xylem embolism, such as stomatal regulation of transpiration 
and, thUS, xylem water potential, are important components of 
drought hardiness (Jones and Sutherland, 1991; Cochard et aI., 
1996; Cruiziat et aI., 2002). 

In addition to drought avoidance mechanisms, some adapta
tions allow trees to tolerate droughts. Many trees exhibit osmotic 
adjustment - a trait that contributes to the maintenance of cell tur
gor and gradients of water potential necessary for the movement 
of water into and through the plant (Abrams, 1988; Kozlowski and 
Pallardy, 2002). However, in the foliage of NW conifers, osmotic 
adjustment seems to be passive and a result of foliage matura
tion (Teskey et aI., 1984; Woodruff et aI., 2004; Meinzer et aI., 
2008). Thus, osmotic adjustment operates most efficiently when 
droughts develop slowly (Gebre et aI., 1994); during a rapid 
drought. adjustments in cell elasticity may be more effective than 
osmotic adjustments for maintaining turgor (Saito and Terashima, 
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2004; Lambers et aI. , 2008). Maintenance of turgor will be an impor
tant component of stress resistance because turgor affects oleoresin 
pressure and therefore the ability of trees to respond to insect and 
pathogen attacks. 

Biochemical changes in response to water stress include the reg
ulation of specific proteins. Dehydrins (Close, 1996; Yordanov et aI. , 
2000; Allagulova et aI. , 2003), heat shock proteins (Schoff! et aI. , 
1998; Wang et aI., 2003), and aquaporins (Bohnert et aI., 1995; 
Alexandersson et aI., 2005; Luu and Maurel, 2005; Maurel et aI. , 
2008) are up-regulated in response to drought. Aquaporins facil
itate movement of water and solutes across membranes and are 
involved in water uptake in roots, cell elongation, short-distance 
water transport, and stomatal movement (Kaldenhoff et aI., 2008; 
Maurel et aI., 2008). Other compounds may be involved in stabi
lizing enzyme complexes and membrane structures to facilitate 
recovery of cellular function after dehydration (Hoekstra et aI. , 
2001; Allagulova et aI., 2003). Research is needed to better under
stand the regulation and function of these compounds, regulatory 
variation among and within species, and whether patterns of gene 
expression or markers in associated genes provide useful indicators 
of relative drought hardiness. 

Drought, in combination with warming and other mortality 
agents, may be responsible for recent increases in tree mortality in 
the western U.S., Canada, and around the globe (Hogg et aI., 2008; 
Worrall et aI., 2008; van Mantgem et aI., 2009; Allen et aI. , 2010). 
Drought-related mortality in trees has been alternatively attributed 
to either carbon starvation or hydraulic failure (Martinez-Vilalta 
et aI., 2002; McDowell et aI., 2008). Decreased stomatal conduc
tance during long-term droughts, especially droughts associated 
with warming, may result in depleted carbon reserves (McDowell 
et aI., 2008; Adams et aI. , 2009), although the carbon starvation 
hypothesis has been disputed (Leuzinger et aI., 2009; Sala, 2009; 
Sala et aI., 2010). On the other hand, if trees maintain high stomatal 
conductance during drought, transpiration rates may exceed the 
cavitation threshold, leading to "runaway embolism" and hydraulic 
failure (Tyree and Sperry, 1988). Thus, inherent stomatal behavior 
may predispose a species to damage or death from carbon starva
tion or hydraulic failure (Table 1; McDowell et aI. , 2008). Species 
differences in mortality in the semiarid forests of the southwest
ern U.s. appear to result from these different mechanisms and their 
interactions with biotic agents operating at the ecosystem scale 
(Allen and Breshears, 1998; Breshears et aI., 2005; Mueller et aI. , 
2005; MCDowell et aI., 2008; Adams et aI., 2009). In particular, 
massive mortality of Pinus edulis and only limited mortality of co
occurring juniperus monosperma was observed after an unusually 
warm drought in 2000-2003, called a "global change-type drought" 
(Breshears et aI., 2005, 2009; McDowell et aI. , 2008). Although the 
specific cause of regional mortality of P. edulis was a bark beetle 
infestation (Breshears et aI. , 2005), this illustrates the impact of 
interactions among multiple stressors on tree vigor and survival, 
and potential future trends (Table 1; Allen et aI. , 2010). 

Water stress may promote or inhibit flowering, depending on 
the tree's physiological status as well as the timing, duration, and 
severity of stress. For example, dry summers often precede the pro
duction of abundant seed crops in late-successional masting species 
(Piovesan and Adams, 2001; Selas et aI., 2002; Koenig and Knops, 
2005). Water stress or root pruning has been widely used to induce 
flowering in temperate conifers (Dewers and Moehring, 1970; Ross 
et aI., 1985; Pharis et aI., 1987, but see Ross, 1991; Dohrenbusch 
et aI., 2002). However, it is uncertain how the directional change in 
climate and water availability will affect flowering and other repro
ductive processes in the longer term. It is likely that drought-related 
regeneration failures will increase in future climates because of 
increased seedling mortality (Table 1 ). However, many unknowns 
remain in relation to climate change effects on forest regenera
tion. Will more frequent droughts induce trees to flower more 

often or more abundantly? Will seed development be affected? Will 
trees experience additional stress as more resources are allocated 
to reproduction as compared to growth and defense (Bloom et aI., 
1985; Obeso, 2002)? How will future recruitment rates be affected 
by altered water regimes, especially water deficits interacting with 
other disturbances such as wildfires and insect outbreaks? These 
are important but unanswered questions for naturally regenerated 
and planted forests. 

In addition to drought acclimation (phenotypic plasticity), 
evolutionary adaptation to drought is evident from the genetic dif
ferences in drought hardiness that have been found among species, 
varieties, and populations (Pallardy, 1981; Abrams, 1990, 1994; 
Martinez-Vilalta et aI. , 2004). In the NW, differences in drought 
hardiness were found between the coastal and Rocky Mountain 
varieties of P. menziesii (Ferrell and Woodard, 1966; Pharis and 
Ferrell. 1966), reflecting adaptations to broad-scale environmen
tal differences. However, large genetic differences also exist among 
seed sources. Population variation in drought hardiness traits was 
associated with environmental gradients in P. menziesii (Pharis and 
Ferrell, 1966; Heiner and Lavender, 1972; White, 1987; joly et aI. , 
1989; Aitken et aI. , 1995; Kavanagh et aI., 1999) and P. contorta 

(Dykstra, 1974), but less so in P. ponderosa (Rehfeldt, 1986b; Zhang 
and Marshall, 1995; Maherali et aI., 2002). There is also some evi
dence for fine-scale genetic variation in drought resistance that 
is associated with local environmental differences such as aspect 
(Ferrell and Woodard, 1966; Campbell, 1979), and genetic variation 
among trees within populations is readily observed (Feret, 1982; 
Anekonda et aI., 2002; Dalla-Salda et aI., 2009, but see White, 1987). 
The existence of popUlation-level genetic variation and adapta
tion to local moisture regimes indicates that phenotypic plasticity 
is insufficient to achieve optimal adaptation across the species 
range (Morgenstern, 1996; St.Clair and Howe, 2007). Thus, the cli
matic tolerances of popUlations, not species, must be considered in 
process-based modeling approaches designed to understand future 
species distributions and spatial patterns of forest health and pro
ductivity. Furthermore, genetic variation in drought hardiness can 
be exploited by practicing population-level assisted migration to 
increase forest adaptability to future climates. 

Although drought stress is common in many NW forest ecosys
tems (Franklin and Dyrness, 1988; Littell et aI., 2008), warming will 
probably increase the frequency, duration, and severity of droughts 
in the future (Allen et aI., 2010), adversely affecting forest growth, 
survival, and reproduction in many areas. Forest responses will vary 
because drought tolerance differs by species, population, life stage, 
and stand structure. Drought-influenced competitive interactions 
and mortality will change the composition and structure of NW 

forest ecosystems. 

5.5. Changes in natural forest disturbance 

Climate change will likely affect forest communities via changes 
in wildfires, insects and disease. Although climate-induced changes 
in forest disturbance may be viewed as negative, disturbances 
also provide opportunities for generation turnover and migration, 
which should help counteract the increases in genetic maladapta
tion expected from climate change (St.Clair and Howe, 2007). 

5.5.1. Wildfire 

Fire regimes in the NW are strongly related to climate (Hessl 
et aI., 2004; Gedalof et aI., 2005; Heyerdahl et aI. , 2008; Taylor 
et aI. , 2008; Littell et aI., 2009), and before fire suppression, var
ied widely across the region (Agee, 1993). In arid and semiarid 
forests such as P. ponderosa, frequent low-severity fires resulted in 
understory mortality, but limited overstory mortality prior to 1900. 
High-severity fire regimes with infrequent stand-replacing crown 
fires were typical of subalpine and lower elevation forests with 
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high precipitation and high biomass (Agee, 1993; McKenzie et aI., 
2004). Examples of these forest types include coastal Abies ama

bilis and T. heterophylla. Mixed-severity fire regimes with widely 
varying return intervals and elements of surface fires, torching, 
and crown fires (Lentile et aI.,  2005) were common in montane 
forests with intermediate precipitation and moderate fuel accumu
lations (McKenzie et aI., 2004). Mixed-severity regimes occurred in 
portions of the P. menziesii and interior mixed conifer forest types 
(Morrison and Swanson, 1990; Hessburg et aI., 2007). 

Fire suppression in the 20th century resulted in less fre
quent wildfires, increases in stand density, greater fuel quantities, 
and greater fuel continuity. This has increased the potential for 
crown fires in forests that historically experienced low-severity fire 
regimes (Agee, 1998; Peterson et aI., 2005) and in some forests 
that experienced mixed-severity regimes (Taylor and Skinner, 
2003). Because of their spatial and temporal variability, however, 
the effects of fire suppression are unclear in mixed-severity fire 
regimes. NW forests with high-severity fire regimes and long fire 
return intervals have not been substantially affected by fire sup
pression (Keane et aI.,  2008). 

High temperatures and current-year drought are strongly asso
ciated with an increase in the number of fires and area burned 
in a variety of NW forest types (Hessl et aI., 2004; Wright and 
Agee, 2004; Heyerdahl et aI.,  2008; Taylor et aI.,  2008). Modern 
(1970-2003) forest fire records in the western U.S. show that 
wildfire activity increased substantially in the mid-1980s, includ
ing greater numbers of large wildfires, longer fire durations, and 
longer wildfire seasons. These changes have been associated with 
warmer temperatures in the spring and summer, which cause ear
lier snowmelt and lower the moisture contents of soils and fuels 
(Wotton and Flannigan, 1993; Westerling et aI., 2006). Similarly, 
the annual area burned by western wildfires in the 20th century 
was greater in years with low precipitation, high drought sever
ity, and high temperatures (Littell et aI.,  2009). Thus, although fire 
suppression and otherJorest management activities can influence 
fuel and fire regimes, the strong relationships between spring and 
summer temperatures, drought, wildfire activity, and area burned 
indicate that climate strongly influences wildfire activity in the 
western U.S. Consequently, wildfires are expected to increase if 
climates become warmer and drier in the future, with longer fire 
seasons and increases in the frequency, extent, and severity of wild
fires (Price and Rind, 1994; Gillett et aI., 2004; Westerling et aI., 
2006). For a mean temperature increase of 2°C, the annual area 
burned by wildfires is expected to increase by a factor of 1.4-5 
for most western states (McKenzie et aI., 2004), ultimately lead
ing to greater damage, growth reductions, and mortality in forest 
ecosystems (Table 1 ). 

Trees have adapted to fire in many ways. Mature trees may 
resist fire with thick bark or self-pruning, whereas other adap
tations allow individuals and populations to persist after fires or 
other disturbances. These include resprouting, fire-induced flow
ering, storage of seeds in the soil or canopy (e.g., serotinous cones), 
and the ability to disperse seeds over long distances (Agee, 1993; 
Schwilk and Ackerly, 2001; Pausas et aI., 2004; Fernandes et aI., 
2008). Fire regimes exert differential selection pressures on tree 
populations and cause diverse expression of fire-related traits. In 
several pine species, for example, variation in the frequency of cone 
serotiny has been related to fire severity and frequency (Ledig and 
Fryer, 1972; Muir and Lotan, 1985; Gauthier et aI., 1996; Tapias 
et aI.,  2004). Therefore, new fire regimes may favor species and pop
ulations that resist fires or successfully invade sites after fire (Rowe, 
1983; Agee, 1993). The abundance of species that can resprout 
(fire endurers) or survive in the seed bank (fire evaders) may also 
increase, although frequent high-severity fires may kill roots and 
stored seeds (Zedler et aI., 1983), limiting the future success of these 
groups. 

Stands of fire-susceptible species, such as T. heterophylla, Abies 

lasiocarpa, and Picea engelmannii, tend to have higher mortality 
for a given fire intensity than stands composed of more fire
resistant species, such as mature P. ponderosa, P. menziesii and L. 

occidentalis. If fire-susceptible species are not able to re-seed or 
re-establish themselves into burned areas because of harsh condi
tions for seedling establishment or competition from other species, 
these species may be lost from the site. Therefore, increased fire 
frequency will likely favor more fire-adapted species via direct 
mortality and lack of regeneration of fire-susceptible species. In 
addition, expected changes in fire frequency and extent will likely 
create more opportunities for establishment of invasive species 
Uoyce et aI., 2008). 

Increased fire activity may be greater where fires have been 
limited by climatic conditions, rather than by fuels - that is, in 
forests with high to moderate precipitation and either high- or 
mixed-severity fire regimes. This may lead to profound changes in 
forest structure and composition of these systems (Table 1 ). How
ever, in the arid and semiarid forests where fires were suppressed, 
increased fire activity may return these systems to historic condi
tions. 

Large-scale disturbances also influence the spatial mosaic of for
est patches and landscape structure (Table 1). Initially, new fire 
regimes will probably lead to larger burn patches, and greater 
homogenization of the landscape, particularly in areas character
ized by low- and mixed-severity fire regimes. Although young 
forests with continuous fuels are particularly vulnerable to mor
tality, all successional stages are susceptible to high-severity fires. 
Thus, an increase in the frequency and severity of fires may increase 
the area of early seral forests, decrease the area of old forest 
patches, and decrease their connectivity (Baker, 1995; McKenzie 
et aI., 2004). Large snags and downed wood may be lost, partic
ularly in fire exclusion areas where crown fire hazards are high. 
Even if these stands are dominated by fire-adapted species, the 
greater amount and continuity of fuels will probably lead to greater 
mortality and likelihood of stand replacement if they burn. It may 
take several decades before the landscape adjusts to these new 
fire regimes (Baker, 1995). Eventually, greater fire frequency could 
lead to a reduction in fuels, resulting in lower intensity fires and a 
finer-scale patch mosaic. 

5.5.2. Epidemics o/ insects and diseases 

Climate and weather are key factors that contribute to epi
demics of forest insects and pathogens. Climate change will affect 
these organisms by directly altering their physiology, development, 
and reproduction, and by altering the health and vigor of their hosts. 
Climate change will probably enhance abiotic stress in many areas, 
and plant stress often precedes pathogen and insect epidemics 
(Raffa and Berryman, 1983; Raffa et al., 2008; Kliejunas et aI. ,  2009). 
The general importance of temperature and moisture as predictors 
of plant disease was emphasized in a recent review (De Wolf and 
Isard, 2007). Increased climatic stress and changes in the popula
tion dynamics of insects and disease has the potential to reduce 
tree and stand growth, increase damage and mortality, and change 
the composition and structure of some forest ecosystems (Table 1 ). 

Bark beetles in the subfamily Scolytidae (Coleoptera: Curculion

idae: Scolytinae), including Dendroctonus, Ips, and Scolytus, are the 
most important mass mortality agents of conifers in North Amer
ica. Epidemics are associated with the availability of susceptible 
hosts, as well as conditions that lower tree vigor and affect beetle 
population growth (Raffa and Berryman, 1983; Shore et aI. ,  2000; 
Taylor et aI., 2006; Fettig et aI . , 2007; Raffa et aI., 2008). Climate 
change seems to be partly responsible for epic levels of mountain 
pine beetle (MPB) (Dendroctonus ponderosae) activity and mortal
ity of P. contorta across British Columbia and the western U.s. This 
outbreak, which is greater than any previous MPB epidemic (Kurz 
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et aI. , 2008), results from a combination of a large area of susceptible 
host (older, larger diameter trees resulting from fire suppression) 
with an expansion of climatically suitable habitat for MPB (Kurz 
et aI., 2008). In areas that were previously unsuitable, warmer tem
peratures have increased the overwintering survival of MPB. and 
shortened its generation interval (Logan et al.. 2003; Taylor et aI., 
2006). Although it has been suggested that substantial tempera
ture increases (5 DC) may eventually decrease the area suitable for 
MPB outbreak (Hicke et aI., 2006), it is likely that the western U.s. 

will experience climate changes favorable to MPB occurrence for a 
substantial period into the future. Warmer summer temperatures 
exacerbate drought stress and predispose the trees to insect attack 
(Breshears et aI., 2005, 2009). Stressed, low-vigor trees usually pro
duce fewer and less antagonistic defensive compounds. and are less 
able to pitch-out the beetles (Barbosa and Wagner, 1989). Inter
tree competition seems to intensify these conditions, and thinning 
has reduced bark beetle attack in some conifer stands. presum
ably by increasing the vigor of the residual trees (Mitchell et al.. 
1 983 ; Waring and Pitman, 1983, 1 985; Fettig et al., 2007). If climatic 
conditions predispose trees to attack and favor increased beetle 
populations, then individual tree mortality and stand damage is 
expected to increase in the future (Table 1 ). 

Basidiomycete root decay pathogens (e.g .. Armillaria, Heteroba

sidion, inonotus, Ganoderma) are also important agents of tree 
damage and mortality (Gilbertson. 1980). Stress predisposes trees 
to attack from some of these pathogens. particularly Armillaria 

(Shaw and Kile, 1991). In western North America, Armillaria 

so/idipes (A. ostoyae) is one of the most important root diseases 
of conifers (Morrison and Mallett, 1996). Habitat type and host 
vigor influence the fungus' ability to cause mortality. McDonald 
et al. (1987) found that the incidence of pathogenic Armillaria in the 
northern Rocky Mountains decreased with increasing productivity 
(site index), and increased with site disturbance (logging). In undis
turbed habitats. pathogen activity was greatest in habitat transition 
zones (i.e .. transitions from cold-dry to cold-moist, and from warm
dry to warm-moist habitats). In these transition zones. P. menziesii 

and Abies grandis were heavily damaged, possibly indicating that 
the trees were maladapted to these habitats and predisposed to 
attack (McDonald et al.. 1987). Thus, climatic changes that increase 
stress will probably put trees at greater risk, particularly at the 
margins of suitable habitat types (Table 1 ). For example. the com
bination of fire suppression and climate change may lead to greater 
stand densities and shifts in species composition that will increase 
mortality from Armillaria (Kliejunas et aI., 2009). Recent modeling 
suggests that the impact of Armillaria root disease on P. menziesii 

will increase because of climate change (Klopfenstein et al.. 2009). 
The occurrence of foliage disease fungi (Ascomycete microfungi) 

is closely tied to precipitation and temperature. These diseases 
cause defoliation. leading to growth reductions or tree mortality. 
Conditions that allow for quick build-up of fungal populations occur 
when precipitation extends into the spring and summer months, 
but tree stress is rarely a contributing factor in the development 
of these diseases. The current Dothistroma needle blight epidemic 
(caused by Mycosphaerel/a pini) on P. contorta in British Columbia 
has been tied to an increase in summer precipitation during the 
past 50 years (Woods et al.. 2005). In P. menziesii. a Swiss needle 
cast epidemic (caused by Phaeocryptopus gaeumannii) is coincident 
with the mild climate of the Oregon coast. Warmer temperatures, 
consistently wet springs and summers. and the widespread plant
ing of P. menziesii in the coastal hemlock zone are thought to be the 
primary causes of this epidemic (Rosso and Hansen, 2003; Manter 
et aI., 2005; Black et aI., 2010). Overall. changes in foliage diseases 
will depend heavily on changes in seasonal precipitation, which are 
still uncertain. 

Genetic differences in pest resistance and tolerance exist among 
tree species and populations in the NW (cf. McDonald, 1979; 

Temel et aI., 2005; Sniezko, 2006; Yanchuk et aI., 2008). For exam
ple, the Rocky Mountain variety of P. menziesii tends to be less 
tolerant of Rhabdocline needle cast (caused by Rhabdocline pseudot

sugae) (Stephan, 1973) and Swiss needle cast disease (Hood. 1982; 
McDermott and Robinson, 1989) than the coastal variety. There
fore, forest health may decline if climate change causes insects and 
disease pests to migrate into new populations. leading to changes 
in landscape structure (Table 1). 

Predicting how climate change will affect insect and disease out
breaks is fraught with complications. In the long-term. increases 
in forest stress suggest that pest problems will increase (Table 1 ), 
although impacts will vary. Bark beetles and some fungal dis
eases are expected to benefit from warmer and drier conditions 
(Coakley et al.. 1999; Harrington et aI., 2001; Garrett et aI., 2006; 
Kliejunas et aI., 2009); foliage diseases may increase with warmer 
and wetter conditions; and dwarf mistletoes will likely benefit from 
climate warming (Kliejunas et al.. 2009). Projections are compli
cated by potential climatic influences on host-pest interactions 
(e.g .. relationships between host resistance and pat!)ogen viru
lence) (Swedjemark et aI., 1999; Burdon, 2001; Sniezko, 2006; 
Kinloch et aI., 2008). Not only are bark beetles, defoliating insects, 
dwarf mistletoes, and many fungal pathogens host-specific - they 
may even be specific to certain hosts only under specific envi
ronmental conditions. Therefore, knowledge of these interactions 
could be important for predicting future epidemics (Garrett et aI., 
2006). Furthermore. the changing dynamics of insect and disease 
pests. population variation. and interactions with climate should 
be considered when managers transfer species or seed sources into 
new habitats. 

6. Management implications and research needs 

Recent discussions of proactive strategies for helping forests 
adapt to climate change have outlined several common princi
ples, including assessing risk, acknowledging uncertainty, making 
use of adaptive learning. and developing novel and flexible 
approaches that can deal with unforeseen problems (Ledig and 
Kitzmiller, 1992; Spittlehouse and Stewart. 2003; Ohlson et aI., 
2005; Spittle house, 2005; Millar et al.. 2007). Risk. which reflects 
the probability of an event and its consequences, depends on the 
desired state of our forests, climate change threats, forest vulner
abilities, and the availability of adaptive management strategies. 
Above, we described the threats and opportunities expected from 
climate change, assuming that the current forest condition is close 
to society's goal. Chief concerns are projected increases in droughts. 
fires. pest outbreaks. and winter (chilling) temperatures. Long-term 
studies are needed to help elucidate how climate-related stressors 
(particularly drought. pests. and fire) will interact to influence for
est responses to climate change. We expect that elevated [C02 J will 
ameliorate these adverse effects to a small degree, but we need 
more research in this area. Climate change opportunities include 
increased growth in areas that are currently cold-limited, and C02 
fertilization which may have net positive effects, or help ameliorate 
stresses resulting from climate change. In this section. we discuss 
forest vulnerabilities and adaptive strategies from a forest manage
ment perspective. 

Vulnerability, which is the propensity of systems to suffer harm, 
depends on exposure, sensitivity, and adaptive capacity (Parry et al.. 
2007). each of which has important spatial and temporal com
ponents. Exposure varies across the landscape because current 
climates and projected climatic changes vary from place to place. 
Sensitivity varies because of site factors (abiotic and biotic), and 
genetic differences among species and populations. The capacity 
to employ adaptive management strategies also varies among land 
ownerships and management units. To effectively respond to cli-
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mate change, land managers need spatially explicit assessments 
of forest vulnerability that provide combined, integrated assess
ments of all threats and opportunities. This information could be 
used to target areas for enhanced monitoring, gene conservation, 
silvicultural treatments to increase forest resistance or resilience, 
or priority harvest. 

Vulnerability has temporal components because climate change 
will accumulate over time, and stages of forest development dif
fer in vulnerability to climate change. Managers should seek to 
lessen vulnerabilities by paying attention to key stages of forest 
development, and by sustaining or enhancing traits that promote 
adaptability. Trees are most vulnerable during the regeneration 
phase (reviewed in van Mantgem et aI., 2006; Nitschke and Innes, 
2008). In forest trees, we know a great deal about the relation
ships between winter temperatures, vegetative bud phenology, 
and frost damage (Howe et aI., 2003), but much less about how 
winter and spring temperatures affect reproductive bud phenol
ogy and reproduction. We need more research in this area because 
fitness may be more affected by climatic effects on reproduction 
than on vegetative growth. Mortality of seed and seedlings is espe
cially high in naturally regenerated forests, but can be dramatically 
lessened by planting seedlings. Because of the high mortality of 
seed and seedlings in naturally regenerated forests, evolutionary 
adaptation to climate change will be strongest for traits expressed 
at these stages. Although field-based provenance tests indicate 
that the long-term effects of climate change will be negative (e.g., 
Wang et aI., 2006), these tests are based on the growth responses 
on planted seedlings. Therefore, the effects of climate change on 
the fitness of naturally regenerated stands are probably underes
timated, and provenance tests that assess climatic effects on the 
regeneration phase are sorely needed. Once trees become estab
lished, they are generally more resistant to climatic influences. For 
example, recently germinated seedlings are more susceptible to 
damage from heat, frost, damping-off fungi, and the drying of the 
soil surface (Hermann and Chicote, 1965), but may be less suscepti
ble to certain pests (e.g., bark beetles) and competition for limiting 
resources. We need more research on climate-related stress thresh
olds that, when crossed, will prevent trees from acclimating, disturb 
ecosystem resilience, and increase vulnerability. The spatial and 
temporal variations in vulnerability should be considered when 
foresters consider the various silvicultural and genetic strategies 
that are available to help forests adapt to climate change (discussed 
below). However, the potential effects of climate change on repro
duction, recruitment, competition, and succession are particularly 
unclear, as are the impacts on insects and pathogens. 

Although we did not discuss the effects of other stressors that 
are likely to increase with climate change, this will be important 
to fully understand the long-term outcome at the ecosystem level. 
For example, pollutants such as tropospheric ozone and nitrogen 
deposition, and invasive species will almost certainly modify for
est responses to climate change (Bytnerowicz et aI., 2007; Hyvonen 
et aI., 2007; Joyce et aI., 2008). Because it is difficult to study the 
interactive and large-scale effects of multiple stressors, it is impor
tant to maintain and re-measure long-term research plots (Franklin 
et aI., 1990) and continue integrating information from these sites 
with results from eddy-flux studies and remote sensing (Xiao et aI., 
2010). The development of improved forest process models is crit
ical - models that ultimately describe the responses we discussed 
above (Aber et aI., 2001 ; Hanson et aI., 2005; Campbell  et aI., 2009). 
Many current models do not incorporate genetic variation in tree 
responses to changes in climatic and other environmental factors. 
It is important to continually integrate information from carefully 
designed physiological and genetic studies into these models to 
better predict the condition of our future forests. 

Various genetic strategies could be used to help forests adapt to 
climate change, including assisted migration, traditional or molec-

ular breeding, and gene conservation. Existing trees may be able 
to resist, tolerate, or acclimate to modest changes in climate, but 
phenotypic plasticity will probably be insufficient in the long-term 
Uump and Pefiuelas, 2005). Genetic variation among populations 
can provide adaptability to the more extreme, long-term climatic 
changes. Knowledge of popUlation-level variation in adaptive traits 
has been used to develop seed transfer guidelines designed to 
prevent the use of maladapted seed sources (ef. Campbell, 1974; 
Rehfeldt, 1987). More recently, field and nursery provenance tests 
have been used to assess the adaptability of species and popula
tions to new climates (Matyas, 1994; Schmidtling, 1994; Rehfeldt 
et aI., 2001 ; St.Clair and Howe, 2007). An understanding of among
population genetic variation should be used to guide management 
decisions at the species and within-species levels, including peri
odic reconfiguration of seed zones, breeding zones, or general 
seed transfer guidelines. We should be able to lessen the adverse 
effects of climate change using within-species assisted migration, 
which is the purposeful movement of species or populations to 
areas where they are expected to be better adapted in the future 
(McLachlan et aI., 2007; O'Neill et aI., 2008). Despite the promise 
of this approach, comprehensive studies of adaptive genetic varia
tion are rare in non-commercial and non-threatened tree species, 
shrubs, and other plant groups. 

In contrast to purely genetic approaches, other silvicultural 
approaches can be used to enhance forest growth and vigor, 
increase resistance and resilience, and sustain ecosystem services. 
As part of to is strategy, managers should consider potential changes 
in the type, frequency, and extent of disturbance (Dale et aI., 2001 ; 
Millar et aI., 2007; Joyce et aI., 2008, 2009; Peterson et aI., in press; 
Littell et aI., in review). Overall, density management should be 
the most effective approach because of its ability to lessen drought 
stress, fire risk, and predisposition to insects and disease. In addi
tion to reducing the demand for water and nutrients, thinning can 
modify stand structures and species assemblages to reduce the risk 
of fires and insect infestations. Treatments should be applied care
fully to avoid physical damage to remaining trees, soil compaction 
and fuel build-up. Prescribed fires can be used as a thinning tool, 
or to decrease surface fuels; and if treatments are sufficiently large 
and strategically arrayed, they can be used to modify disturbance at 
the landscape level. Furthermore, post-fire reforestation will pro
vide many opportunities to alter species and within-species genetic 
composition. 

7. Conclusions 

The climate is expected to change throughout this century. In 
the NW, the direct positive effects of warmer temperatures and 
elevated [C02 1 will be realized in only a limited set of environ
ments that do not experience increased droughts, heat stress, or 
nutrient limitations. Warming-induced decreases in snowpack and 
increases in evapotranspiration are expected to increase the fre
quency and intensity of drought stress, with negative consequences 
for forest growth and health. 

Areas that are moisture limited are particularly vulnerable. In 
the NW, this includes low-elevations in the northern Sierra Nevada, 
Klamath Mountains, Siskyou Mountains, Blue Mountains, Wallowa 
Mountains, Steens Mountain; Columbia Highlands, northern Rocky 
Mountains, and eastern foothills of the Cascade Range (Arno, 1979; 
Franklin and Dyrness, 1988; West and Young, 2000; Littell et aI., 
2008). In areas where limitations by soil moisture and tempera
ture are low (e.g., much of the Coast Range, Olympic Mountains, 
and mid-elevations in the Cascade Range), future water availabil
ity is uncertain because it will depend on the net effects of rainfall, 
snowfall, snowmelt, surface runoff, subsurface flow, and evapo
transpiration. 
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Any forest attribute or management practice that increases 

stress will also increase forest vulnerability to future climates. Vul

nerable stands are those that are comprised of species or seed 

sources that are maladapted to future conditions, overstocked, or 

have high levels of competing vegetation. Based on the knowledge 

of expected impacts of climate change, foresters should employ 

genetic and silvicultural management options that target the most 

vulnerable sites, life stages, traits and processes to increase forest 

adaptability. 
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