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A B S T R A C T

Forest disturbance regimes are beginning to show evidence of climate-mediated changes, such as increasing
severity of droughts and insect outbreaks. We review the major insects and pathogens affecting the disturbance
regime for coastal Douglas-fir forests in western Oregon and Washington State, USA, and ask how future climate
changes may influence their role in disturbance ecology. Although the physiological constraints of light, tem-
perature, and moisture largely control tree growth, episodic and chronic disturbances interacting with biological
factors have substantial impacts on the structure and functioning of forest ecosystems in this region.
Understanding insect and disease interactions is critical to predicting forest response to climate change and the
consequences for ecosystem services, such as timber, clean water, fish and wildlife. We focused on future pre-
dictions for warmer wetter winters, hotter drier summers, and elevated atmospheric CO2 to hypothesize the
response of Douglas-fir forests to the major insects and diseases influencing this forest type: Douglas-fir beetle,
Swiss needle cast, black stain root disease, and laminated root rot. We hypothesize that (1) Douglas-fir beetle and
black stain root disease could become more prevalent with increasing, fire, temperature stress, and moisture
stress, (2) future impacts of Swiss needle cast are difficult to predict due to uncertainties in May-July leaf
wetness, but warmer winters could contribute to intensification at higher elevations, and (3) laminated root rot
will be influenced primarily by forest management, rather than climatic change. Furthermore, these biotic
disturbance agents interact in complex ways that are poorly understood. Consequently, to inform management
decisions, insect and disease influences on disturbance regimes must be characterized specifically by forest type
and region in order to accurately capture these interactions in light of future climate-mediated changes.

1. Introduction

Disturbance regimes in forests of western North America are
showing evidence of climate-mediated shifts associated with global
climate change in the form of historically unprecedented tree mortality
(Anderegg et al., 2012; van Mantgem et al., 2009). Instigating factors
for these mortality events include extreme drought (Allen et al., 2015;
Asner et al., 2015), increased fire severity and extent (Abatzoglou and
Williams, 2016), and expansion of bark beetles into previously clima-
tically unsuitable habitat (Bentz et al., 2010; Björkman and Niemelä
2015). The frequency and severity of forest disturbances will likely
continue to increase given predicted climate-related changes in en-
vironmental conditions over the 21 st century (Allen et al., 2015), which
will influence a range of characteristics of these forests including the

ecosystem services that they provide (Johnstone et al., 2016; Seidl
et al., 2016).

Projected changes in climate will make forests more vulnerable to
tree mortality resulting from physiological stress interacting with other
climate-influenced events, such as insect and disease outbreaks,
droughts and fires (Beedlow et al., 2013; Kolb et al., 2016; Weed et al.,
2013). Current predictions for major climate-related trends affecting
forests in western North America include increased fire season length
and burned area (Abatzoglou and Williams, 2016; Flannigan et al.,
2013), increased occurrence of severe drought (Allen et al., 2015), re-
duced mountain snowpack (Kapnick and Hall, 2012), and generally
increasing temperature, with seasonal trends including warmer wetter
winters, and hotter drier growing seasons (Rupp et al., 2016).

There is a growing interest in understanding the interactions of
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multiple disturbance factors (Anderegg et al., 2015; Johnstone et al.,
2016; Law and Waring, 2015) in forest ecosystems because their com-
bined effects can differ from that of any single agent acting alone (Seidl
et al., 2016). However, interactions for any given forest type vary by
landscape character, forest structure, specific insect herbivores and
forest pathogens, as well as seasonal climatic factors, storms, and fire
patterns. Consequently, to inform management decisions, disturbance
regimes must be characterized specifically by forest type and region in
order to accurately capture these interactions and allow for prediction
of future climate-mediated changes. If conducted at a scale at which
management actions are implemented, such as forests with the same
dominant tree species and climatic conditions, assessments of potential
climate-related changes to disturbance regimes can greatly improve our
ability to adaptively manage our forests and the ecosystem services they
provide.

Here, we examine the primary insects and diseases (referred to
throughout as biotic disturbance agents) of Douglas-fir (Pseudotsuga
menziesii [Mirb.] Franco). Although western hemlock is commonly
found as a co-dominant in Douglas-fir forests, especially in old growth
forests, Douglas-fir is the dominant species on most of the forested land
from near sea-level to roughly 1200m elevation in western Oregon and
Washington, U.S.A. Further, Douglas-fir is the principle timber species,
and it is ecologically important for carbon sequestration, and wildlife
habitat, as well as being vital for the production of hydropower, irri-
gation, and drinking water (Curtis and Carey, 1996; Harmon et al.,
2004; Kline et al., 2016; Ruggiero et al., 1991). Ecological effects of the
major disturbance regimes, especially fire and logging, have been stu-
died extensively in this forest type (Cohen et al., 2002; Creutzburg
et al., 2016; Healey et al., 2008; Tepley et al., 2013; Wimberly and
Spies, 2001). However, the role of insects and diseases within the dis-
turbance regime has not been adequately addressed, even though there
is currently a major foliage disease (Swiss needle cast) epidemic oc-
curring in the region (Ritóková et al., 2016).

Here, we: (1) identify the impacts of the major insects and diseases
affecting Douglas-fir and their interactions, (2) integrate our under-
standing of temperature and moisture stress in trees with future climate
projections to hypothesize changes in disturbance agent behavior under
climate change, and (3) highlight important knowledge gaps in the
understanding of the current and projected disturbance regimes in
coastal Douglas-fir forests.

2. Ecological setting

Coastal Douglas-fir forests extend from British Columbia through
northwestern California. However, we constrain the geographical ex-
tent to Washington and Oregon, west of the crest of the Cascade
Mountain Range where Douglas-fir is the dominant tree species (Fig. 1),
which has traditionally been called the “Douglas-fir region” (Franklin,
1979; Jensen, 1955). This is a moist temperate forest region is domi-
nated by conifers and has relatively long time periods between high
severity natural disturbances (Franklin, 1979). The climate is char-
acterized by mild, wet winters, lack of soil freezing, most precipitation
falling as rain, a summer drought, and a strong influence from large-
scale oscillations such as the El Niño-Southern Oscillation (ENSO), the
Pacific North American pattern, and the Pacific Decadal Oscillation
(PDO) (Abatzoglou et al., 2014; Dalton et al., 2013). Douglas-fir forests
are some of the most productive in the world, with biomass accumu-
lations far exceeding those of both tropical and other northern tempe-
rate forests (Law and Waring, 2015; Waring and Franklin, 1979). The
large biomass accumulation results from the sustained height growth,
foliage retention, and longevity of the dominant trees rather than from
high annual net productivity (Waring and Franklin, 1979).

Douglas-fir forests span multiple ecoregions (Fig. 1A) and are gen-
erally found within the Picea sitchensis and Tsuga heterophylla zones,
with some of their range in the Abies amabilis zone (Franklin, 1979;
Franklin and Dyrness, 1988), and generally correspond to the Maritime

Coniferous Forests of the Pacific Northwest, U.S.A. (Peterson et al.,
2014). Depending on geographic location and stand history, the pre-
dominant tree species is Douglas-fir (Franklin and Dyrness, 1988).
Douglas-fir comprises approximately 77% of saw timber stumpage vo-
lume in western Washington and Oregon (Howard, 2007), as well as
50% of aboveground carbon storage in Oregon (Donnegan et al., 2008).
These forests often contain variable proportions of western hemlock
(Tsuga heterophylla [Raf.] Sarg.), Sitka spruce (Picea sitchensis [Bong.]
Carrière), western redcedar (Thuja plicata Donn ex D. Don), and grand
fir (Abies grandis [Douglas ex D. Don] Lindley) at lower elevations,
while Pacific silver fir (A. amabilis Douglas ex J. Forbes) and noble fir
(A. procera Rehder) can be found at higher elevations.

The region includes a range of topographical features and en-
vironmental conditions. The productivity and survival of trees in these
forests can be influenced by various limiting factors related to climate.
Although nutrients can have substantial influence on productivity and
survival, forests are typically either water-limited or energy-limited
(Beedlow et al., 2013; Littell et al., 2010). Within this region, water
limitation may result from either reduced precipitation (Bumbaco and
Mote, 2010), a reduction of winter snowpack which normally provides
water to lower elevation forests during a growing season (Albright and
Peterson, 2013), or excessively well-drained soils (Littell et al., 2008).
Energy limitation primarily involves light availability (Beedlow et al.,
2013) but can involve temperature, particularly in the case of higher-
elevation forests with decreased growing seasons due to lower tem-
peratures (Littell et al., 2008). Light is often limited due to cloud cover
or dense forest conditions leading to low light availability and reduced
photosynthesis (Runyon et al., 1994).

Contemporary climate trends are apparent in the region. Annual
mean temperature increased by approximately 0.7–0.9 °C from 1901 to
2012; other climate trends in the region include a lengthened freeze-
free season, increased temperature of the coldest night of the year, and
increased growing-season potential evapotranspiration (Abatzoglou
et al., 2014). Warming has led to approximately a 20% loss of winter
snowpack since 1950 (Mote, 2006), while spring snowmelt has oc-
curred up to 30 days earlier depending on location (Stewart et al.,
2005). Observations show a long-term increase in spring precipitation,
but decreased summer and autumn precipitation and increased poten-
tial evapotranspiration have resulted in larger climatic water deficits
over the past four decades (Abatzoglou et al., 2014).

The natural disturbance regime of the region is driven by long-term
forest succession with local patch-scale dynamics, followed by stand
replacement fire (Franklin et al., 2002). Large-scale disturbances prior
to European settlement resulted primarily from marine-generated
windstorms and wildfire, while volcanic eruptions, floods and land-
slides were less common (Franklin et al., 2002, 2017). However, the
disturbance regime has been altered. Throughout much of this forest
type, the primary disturbance is now forest management (Berner et al.,
2017; Cohen et al., 2002). Berner et al. (2017) estimated that in Oregon
and Washington, timber harvesting resulted in ∼80% of observed tree
mortality from 2003 to 2012.

With the exception of wilderness and other protected areas, forest
management is pervasive throughout the Douglas-fir region. For this
reason, forest management provides a backdrop for understanding the
interactions with biotic disturbance agents affecting these forests. The
long-term effect of timber harvesting has been a regional shift from old
to young forests. Old growth forests (250+ years) occupied around half
of the forested area before industrial logging (Franklin et al., 2017).
Currently, 41% of the region that is forested is occupied by trees aged
under 50 years and 7% of the forested region is greater than 250 years
old (Fig. 2).

We define forest management as active management (i.e., road con-
struction, logging, prescribed fire, replanting, understory vegetation
management), but the magnitude of the disturbance created by forest
management is nonetheless highly variable. For example, public lands
(federal, state and local), which occupy 50.8% of the region (Fig. 3), tend
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to be managed for multiple uses, rather than optimized solely for timber
production. Public lands contain the majority of older forests (Fig. 2),
including late-successional forests (Creutzburg et al., 2016; Forest
Ecosystem Management Assessment Team, 1993). There is much variation
in management actions on public lands where variable retention harvest,
which retains standing live or dead trees or live patches within cut areas, is
common, and natural regeneration may be preferred to planting (Franklin
and Johnson, 2012). Timber harvests may also take the form of thinning in
forests where the goal is to increase structural complexity, rather than to
maximize timber outputs (Bailey and Tappeiner, 1998; Thomas et al.,
2006), although thinning treatment effects are highly variable and site-
dependent (Puettmann et al., 2016).

Nearly half of the land area in Douglas-fir region exists on private
land (Fig. 3) on which management practices represent a disturbance of
much higher intensity. Industrial land in this region typically consists of
single-aged monocultures of Douglas-fir on a rotation of under
50 years—69% of forests< 50 years old are privately owned (Fig. 2).
Plantation forests generally lack coarse woody debris, snags, and live
residual trees from the previous stand, while non-crop vegetation is
controlled (Franklin et al., 2002). Clearcuts are favored over thinning
(Ohmann et al., 2007), and tree seedlings grown from improved genetic
stock are typical in replanting. Intensive management includes inter-
ventions such as herbicide use and burning to control early seral ve-
getation to ensure planted seedlings or saplings establish successfully
(Curtis et al., 2007). Thus, the early seral stage of this forest type is
often avoided and stages which favor establishment of overstory trees
occur quickly after stand establishment (Ohmann et al., 2007; Swanson
et al., 2011, 2014).

The interaction of forest management and fire is complex and varies
across the region. While the legacy of fire suppression has decreased the
area burned in some Douglas-fir forests since 1950, particularly in more
xeric areas (Weisberg and Swanson, 2003), this practice has not influ-
enced Douglas-fir forests to the same degree as it has other forest types
in the western US (Brown et al., 2004; Mitchell et al., 2009). Creutzburg
et al. (2016) suggest that intensive forest management may contribute
to decreased fire activity in this forest type. Conversely, Thompson
et al. (2007) noted that in more xeric areas, fire severity increased in
stands that had been previously salvage-logged and planted, suggesting
that although surface fuels were reduced, a continuous canopy fuel
layer was promoted.

3. Physiological response to water and temperature stress

The proximate effects of climate change on Douglas-fir forests are
increased temperature and water stress, particularly during the summer
drought. However, they interact with insect pests and diseases to affect
tree mortality. Here, we present the basic physiological effects of water
and temperature stress in trees to better understand the interactions of
biotic disturbance agents within a forest context. Water stress typically
appears first in trees growing on sites with features such as south-facing
slopes, shallow soils, convexities on slopes, and ridgetops, then spreads
to less vulnerable sites as the drought intensifies (Western et al., 1999).
Water availability influences a range of important physiological pro-
cesses within plants including stomatal conductance, photosynthesis,
cell division, cell expansion, phloem transport, nutrient transport and
metabolic function (Hsiao, 1973). When sufficiently severe, water

Fig. 1. Extent of coastal Pacific Northwest Douglas-fir forests in Oregon and Washington based on aggregated Level IV Ecoregions where Douglas-fir is described as the dominant species.
(A) Level III Ecoregion designations: Coast Range (40,922 km2, 32%), Puget Lowland (16,970 km2, 13%), Willamette Valley (14,885 km2, 12%), Cascades (34,972 km2, 27%), North
Cascades (5165 km2, 4%), Klamath Mountains (15,579 km2, 12%). (Source: Level III and IV ecoregions of the continental United States: Corvallis, Oregon, U.S. EPA – National Health and
Environmental Effects Research Laboratory, map scale 1:7,500,000, https://www.epa.gov/eco-research/level-iii-and-iv-ecoregions-continental-united-states). (B) Occurrence of Douglas-
fir (Pseudotsuga menziesii) in the Pacific Northwest region of the United States (Washington/Oregon study region outlined in black). (Source: GNN maps for Washington, Oregon, and
California, 2012, https://lemma.forestry.oregonstate.edu/data/download/?file=/export/grids/sppsz/r2/gnn_sppsz_2014_08_28.zip).
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deficit can also lead to loss of leaf area, the disruption of the soil-to-leaf
hydraulic continuum, the inhibition of seedling germination, dead tops,
branch flagging, foliage loss, wilting, chlorosis, and whole tree mor-
tality (Breda et al., 2006; Goheen and Willhite, 2006). These symptoms
are most common in smaller trees, while larger water-stressed trees
may not show visual damage (Lavender and Hermann, 2014). Various
root, bole, branch, bark and tip insects and pathogens are associated
with water-stressed trees (Goheen and Willhite, 2006).

Elevated temperatures can cause an array of biochemical and phy-
siological effects in plants that negatively influence plant growth and
development (Bray et al., 2000). Temperature plays a fundamental role
in plant-water relations because as air temperature increases, it is able
to hold more water. The difference between the amount of moisture in
the air and how much moisture the air can hold when it is saturated is
the vapor pressure deficit (VPD). Increasing VPD creates drier condi-
tions for plants by drawing more water out of the soil and plant tissues
via increased evaporation and transpiration. In water-limited ecosys-
tems, these effects may lead to substantial reductions in ecosystem

productivity. High temperature can also inhibit seed germination and at
later developmental stages it can affect respiration, photosynthesis, and
water relations (Wahid et al., 2007). In general, photosynthetic rates
decrease under high temperatures (Bernacchi et al., 2001), while dark-
and photo-respiration rates increase (Raich and Schlesinger, 1992).
However, some research has shown an overall enhancement of growth
under moderately increased temperature in some ecosystem types (Way
and Oren, 2010).

In western Oregon, a primary climatic factor limiting Douglas-fir
growth is VPD (Beedlow et al., 2013; Lee et al., 2016). Aridity can both
reduce soil water availability and increase VPD. Therefore, drought can
negatively impact stomatal conductance and photosynthesis on both
ends of the soil-to-leaf hydraulic continuum (Bond and Kavanagh,
1999; Domec et al., 2004; Kavanagh et al., 1999). The reduction in soil
water availability reduces soil water potential, leading to a reduction in
the difference in water potential between the soil and the leaves, which
represents the driving force for xylem water transport. As soil water
potential declines, either leaf water potential must decline to maintain a

Fig. 2. Stand age classes in the Douglas-fir region. Color
codes indicate three age classes for dominant and co-
dominant tree species; red= 1–50 year-old stands (4.12
million ha, 41%), yellow=50–250 year-old stands
(5.34 million ha, 53%), and blue ≥250 years old (0.67
million ha, 7%). Young forests are the predominant age
class across the region, which is 59% forested. (Source:
GNN maps for Washington, Oregon, and California,
2012, https://lemma.forestry.oregonstate.edu/data/
download/?file=/export/grids/sppsz/r2/gnn_sppsz_
2014_08_28.zip). (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)
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sufficient driving force or xylem water transport declines. Once leaf
water potential decreases to a threshold level, stomatal closure occurs
until leaf water potential is able to sufficiently recover. If leaf water
potential becomes too great, this tension within a plant’s hydraulic
pathway can create air bubbles (emboli) that block water transport in
the water conducting xylem tissue of the plant. These emboli can be
repaired when conditions allow xylem cells to be refilled with water,
but if conditions do not allow repair then foliage may become desic-
cated, potentially leading to plant death. In addition, drought effects on
Douglas-fir, and the mechanisms by which they withstand drought,
vary with tree age. For example, Phillips et al. (2003) used sap flux
measurements in young and old Douglas-fir trees to show that older,
larger trees rely substantially more on stored water than younger trees,
with water stored in xylem accounting for 7% of daily water use in
young (15 m) trees, and 20–25% in older (60 m) trees.

When transpiration is reduced by stomatal closure, the hydraulic
system of the plant is protected, to a degree. However, this comes at the
cost of cessation of carbon assimilation because stomatal conductance

controls both water vapor leaving the plant and CO2 entering the plant
(Buckley 2005). Stomatal closure can lead to reductions in carbohy-
drate reserves because metabolic consumption of reserves continues
despite the interruption of photosynthesis. If drought or high VPD
conditions persist, prolonged periods of stomatal closure can potentially
lead to the depletion of available non-structural carbohydrates and to
reduced annual growth (Sala et al. 2012). Separating the confounding
effects of water and temperature stress on annual growth is difficult
because climate variables are highly correlated and interact in various
ways depending upon site conditions. Other seasonal climatic and
biotic disturbance factors may also have indirect effects on growth by
reducing photosynthesis, damaging plant tissue, or impairing physio-
logical processes (e.g., Lee et al., 2013, 2016).

4. Biotic disturbance agents

Disturbance dynamics vary widely among Douglas-fir forests by
structure and age. We focus on the insects and pathogens, which

Fig. 3. Distribution of land ownership in the Douglas-
fir region. Area (% of forested land) in the Douglas-fir
region under: Private management=5.20 million ha
(49.2%), Federal management=4.35 million ha
(41.1%), State and local management=1.02 million
ha (9.7%). (Source: U.S. Geological Survey, Gap
Analysis Program (GAP). May 2016. Protected Areas
Database of the United States (PAD-US), version 1.4
Combined Feature Class.)
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interacting with temperature and moisture stress commonly result in
climate-related tree mortality within the region. These include lami-
nated root rot (caused by Phellinus sulphurascens [Pilat]), black stain
root disease (caused by Leptographium wagneri [Kendrick] Wingfield),
Swiss needle cast (caused by Phaeocryptopus gaeumannii [Rohde]
Petrak), and Douglas-fir beetle (Dendroctonus pseudotsugae Hopkins,
Coleoptera: Curculionidae: Scolytinae). These are all biologically
mediated factors, which interact with forest management, fire, and
extreme weather events—the major forest disturbances in the region
(Table 1). Because the intent of this paper is to highlight biotic dis-
turbance agents we do not address disturbance types separately, but
rather discuss them in conjunction with specific biotic agents. Dis-
turbances not affected by climate, such as volcanism and earthquakes
are not considered here even though they may subsequently affect
biotic factors such as bark beetles.

4.1. Laminated root rot

Laminated root rot, caused by the fungal pathogen Phellinus sul-
phurascens, is a localized and persistent disease of most tree species in
the Douglas-fir region. It survives in tree stumps and woody roots in the
soil, grows clonally on roots, and rarely spreads by spores (Hansen and
Goheen, 2000; Lockman and Kearns, 2016). Phellinus sulphurascens is a
native pathogen that can kill trees of any age or vigor, and is estimated
to be present in 5–13% of the forest stands in the region (Washington
Academy of Sciences, 2013). The effects of laminated root rot vary with
stand composition and management actions. In intensively managed
plantation forests, a decrease in volume production of about 25% is
associated with this disease (Thies and Westlind, 2005), resulting in a
substantial economic loss. The continual planting of trees in plantations
on diseased sites enhances the spread and enlargement of the area in-
fested. In forests managed with lower intensity, laminated root rot is
controlled by low host density, root tip-ups which pull wood out of the
soil, and is associated with canopy gap creation, structural diversity,
and increased abundance of non-host tree species (Hansen and Goheen,
2000; Thies and Sturrock, 1995), characteristics which may be favor-
able for ecological management (Franklin et al., 2002).

Estimated annual timber losses in Washington associated with la-
minated root rot in Douglas-fir are 0.9 million m3 (Washington State
Academy of Sciences, 2013). Although this volume loss indicates a large
decrease in carbon sequestration in these forests, carbon storage gains
in non-infected trees following gap creation have not been quantified
(Hansen and Goheen, 2000), so the carbon dynamics associated with
this disease are not straightforward. Additionally, carbon is retained in
decaying material for many years (Harmon et al., 2004). This decaying
material also allows P. sulphurascens to remain on a site for up to
50 years (Hansen and Goheen, 2000), so replanting where trees have
been killed by P. sulphurascens leads to inoculum buildup and sub-
stantial decreases in site productivity over time (Nelson et al., 1981).

Phellinus sulphurascens spreads through root to root contact via ec-
totrophic mycelia, penetrating the host’s roots and killing the phloem
and cambium, while decay occurs in the xylem (Hansen and Goheen,

2000). Sexual reproduction is rare therefore the pathogen spreads ve-
getatively at an estimated rate of about 30 cm (cm) per year depending
on stand age and composition. However, given the long residence time
of the inoculum and abundance of hosts on the landscape, it is likely
that disease is slowly increasing because current forest management
practices result in continual availability of susceptible Douglas-fir.

4.2. Black stain root disease

Black stain root disease is another apparently native root disease
that occurs on Douglas-fir (Lockman and Kearns, 2016). It is caused by
the fungal pathogen Leptographium wageneri (Hessburg et al., 1995) and
is vectored primarily by the root-feeding bark beetle, Hylastes nigrinus
(Mann.) (Coleoptera: Curculionidae: Scolytinae) and the reproduction
weevils Pissodes fasciatus LeConte (Coleoptera: Curculionidae) and
Steremnius carinatus (Boheman) (Coleoptera: Curculionidae) (Witcosky
and Hansen, 1985; Witcosky et al., 1986). In Douglas-fir the disease is
most damaging in young trees and is most commonly found in plan-
tations under 30 years of age (Hansen and Goheen, 1988). Infection is
associated with stressed trees, wounding, and stump creation during
precommercial thinning (Harrington et al., 1983; Hessburg and Hansen,
2000), likely due to the release of ethanol by host trees or recently
created stumps, which attracts the insect vectors (Kelsey and Joseph,
1998).

Black stain root disease spreads via root grafting with neighboring
hosts as well as by insect vectors (Hessburg et al., 1995). Transmission
via grafting may cause disease centers to expand at about 0.8–1.5 m per
year. Disease spreads more rapidly in time and space via insect vectors,
notably by the bark beetle Hylastes nigrinus that is capable of flight.
These insects vector the pathogen by transporting spores and increase
host susceptibility to infection by damaging roots as adults in feeding
attacks or as larvae developing in the host (Witcosky and Hansen,
1985). Infection with L. wageneri further attracts pathogen-vectoring
insects by host signaling via ethanol production, resulting in a positive
feedback loop once trees are infected (Kelsey and Joseph, 1998).
Ethanol production also increases when trees are water-stressed, so this
disease is likely to be most severe during episodic droughts and on xeric
sites.

Leptographium wageneri colonizes the sapwood xylem in the roots,
which blocks water transport to the upper stem and foliage, eventually
killing the tree (Hessburg et al., 1995). The fungus requires wounding
to enter the xylem, thus it appears fine root mortality leads to increased
infection point availability (Hessburg and Hansen, 2000). Fine root
mortality is caused by many factors including water-stress, insect at-
tacks, fungal infection, and foliage loss (Hessburg and Hansen, 2000),
so increases in any of these factors could increase the prevalence of this
disease. Forest management also influences black stain root disease and
its vectors directly by creating stumps in clearcuts and thinned stands,
wounding trees in thinning operations and along roadsides, and where
soils are compacted (Harrington et al., 1983; Hessburg et al., 1995;
Witcosky and Hansen, 1985). We hypothesize that intensification of
short rotation forest management on the landscape will increase black

Table 1
Major insects and diseases of Coastal Pacific Northwest Douglas-fir, their influences on tree physiology, stand impacts, and interactions under current climate conditions.

Biotic agent Physiological influences Stand impacts Disturbance interactions

Laminated root rot
(Phellinus sulphurascens)

Increased water stress due to root mortality Reduced tree
growth, mortality

Douglas-fir beetle associated with laminated root rot,
exacerbated by management

Black stain root disease
(Leptographium wagneri)

Reduced stem hydraulic conductivity Reduced tree
growth, mortality

Increases with drought, insect vector activity, and forest
management

Swiss needle cast
(Phaeocryptopus gaeumannii)

Reduced photosynthesis due to blockage of stomata Reduced tree
growth

Exacerbated by management. Reduced Douglas-fir beetle,
reduced dominance of Douglas-fir

Douglas-fir beetle
(Dendroctonus pseudotsugae)

Tree death, reduced phloem and xylem transport due
to gallery development and introduction of stain fungi

Reduced tree
growth, mortality

Increases with laminated root rot, decreases with Swiss needle
cast, increases with drought, associated with major windthrow
events
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stain root disease by providing more suitable habitat in monocultures of
young Douglas-fir, increasing occurrence of stumps, and increased
vector beetle populations.

4.3. Swiss needle cast

Swiss needle cast is a foliage disease specific to Douglas-fir. It is
endemic throughout the range of the host species, although econom-
ically, it is of most concern in coastal plantations. Caused by the en-
dophyte fungal pathogen Phaeocryptopus gaeumannii, the disease de-
velops when fruiting bodies (pseudothecia) form within the stomata of
the needles, limiting carbon uptake and photosynthesis (Manter et al.,
2005). As stomata are plugged, needles become chlorotic and are
eventually abscised (Hansen et al., 2000), leading to up to a 50% loss in
stem volume growth in the most severely infected hosts (Maguire et al.,
2011). Douglas-fir forests in the coastal Pacific Northwest have been
experiencing a Swiss needle cast epidemic since 1990 (Hansen et al.,
2000), and the area with symptomatic trees has increased dramatically
over the last two decades (Ritóková et al., 2016). The area affected in
coastal Oregon has increased from 53,000 ha in 1996 to 221,000 ha in
2016 (Swiss Needle Cast Cooperative, 2017). Over 100,000 ha of af-
fected area was mapped in 2016 in western Washington (Swiss Needle
Cast Cooperative, 2017). Although this native pathogen was present in
this region prior to 1990, its effects were endemic, while impacts since
1990 have represented an increasingly important concern for man-
agement (Hansen et al., 2000; Ritóková et al., 2016).

Changes to forest management, climate change, or a combination of
these have been implicated as catalysts for the current Swiss needle cast
epidemic. Disease impacts are most notable in the Picea sitchensis zone
and low elevation regions near the coast, where Douglas-fir was not
historically found at the densities that it is planted in current intensive
forest management practices (Black et al., 2010; Hansen et al., 2000;
Manter et al., 2005). This region also has naturally high levels of soil
nitrogen, which correlate with disease expression, although the pre-
sence of a causal relationship is equivocal (Perakis et al., 2005).
However, Swiss needle cast has intensified beyond the coastal strip to
about 50 km inland in some areas (Ritóková et al., 2016). Warm winter
temperatures and leaf wetness during spore dispersal in late spring and
summer are associated with increased Swiss needle cast severity (Black
et al., 2010; Lee et al., 2013; Manter et al., 2005; Rosso and Hansen,
2003; Stone et al., 2008). Various specific metrics have been shown to
influence disease severity including December to February temperature
and summer leaf wetness (Manter et al., 2005), spring precipitation
(Zhao et al., 2011), summer relative humidity (Saffell et al., 2014), July
fog and vapor pressure deficit (Rosso and Hansen, 2003), and March to
August temperature (Black et al., 2010). Some research suggests that
leaf wetness does not currently limit disease development in most of the
coastal Pacific Northwest because there is generally ample moisture for
leaf colonization, even in the upper canopy (Lee et al., 2013; Manter
et al., 2005; Shaw et al., 2014). However, in drier areas, and during
episodic droughts, leaf wetness is likely an important limiting factor,
suggesting that climatic controls of this disease vary with geographic
location (Lee et al., 2013; Manter et al., 2005).

The relationship of high summer temperatures to Swiss needle cast
severity is somewhat unclear. Rosso and Hansen (2003) showed that
disease severity decreases at high summer temperatures due to inhibi-
tion of fungal development. High continentality (the difference be-
tween temperatures of the warmest month and the coldest month) is
also associated with decreased disease severity (Zhao et al., 2011).
Other research indicates that summer temperature is not strongly
linked to pathogen development or disease severity (Manter et al.,
2005). Conversely, others suggest that high summer temperatures may
be associated with increased disease severity, as indicated by growth
impacts shown in dendrochronological records (Black et al., 2010). The
uncertainties surrounding the nature of this relationship may be re-
solved by taking a site-specific approach. Lee et al. (2013) showed that

high winter and summer temperatures are associated with increased
disease severity at relatively cool and wet sites, whereas high summer
temperatures and low summer precipitation are associated with de-
creased disease severity at relatively hot and dry sites.

Interactions between Swiss needle cast and other biotic disturbance
agents have not been well-studied. A single study proposed a negative
effect of Swiss needle cast on Douglas-fir beetle susceptibility (Kelsey
and Manter, 2004), discussed in further detail below. Interactions
among Swiss needle cast, laminated root rot, and black stain root dis-
ease and implications for host trees are unknown at this time. However,
Swiss needle cast is not a stress-dependent disease, therefore it is un-
likely that root diseases predispose hosts to Swiss needle cast.

4.4. Douglas-fir beetle

Douglas-fir beetle is a bark beetle native to the Pacific Northwest
that nearly exclusively attacks Douglas-fir (Furniss and Kegley, 2014).
Although Douglas-fir beetle is considered the most important bark
beetle to this tree species (Furniss and Carolin, 1977), host resistance
keeps beetle populations at endemic levels during most periods and
small diameter trees are rarely attacked (Furniss and Kegley, 2014;
Goheen and Willhite, 2006). Beetles occupy stressed, dying, dead, and
recently downed trees during endemic periods; therefore their dis-
turbance impacts are relatively small-scale (Rudinsky, 1966). Dis-
turbance by windthrow is associated with increased Douglas-fir beetle
populations in the following year, as the beetle often colonizes recently
fallen trees and emerges in the subsequent year (Powers et al., 1999;
Rudinsky, 1966). Following emergence, the bark beetle population may
attack nearby healthy trees and overwhelm their defenses by mass at-
tack, leading to reduced xylem and phloem transport, and eventual tree
mortality, associated with gallery development as well as the in-
troduction of the stain fungus Ophiostoma pseudotsugae (Furniss and
Kegley, 2014). Under normal climate conditions, the bark beetle po-
pulation usually declines to an endemic level within several years of an
outbreak. However, there have been few reported widespread out-
breaks in the Douglas-fir region; the most notable outbreak occurred in
the 1950 s as a result of large windthrow events caused by hurricane-
force winds in the winters of 1949 and 1950 (Furniss, 2014).

Drought may influence susceptibility to Douglas-fir beetle because
the resin flow defense system can be impaired when trees are water-
stressed (Rudinsky, 1966). Increased Douglas-fir beetle activity has
been noted on south and southwest aspects, though it remains unclear
whether this is attributed to increased host moisture stress or increased
beetle performance (Powers et al., 1999). However, not all stresses
produce physiological responses that attract Douglas-fir beetles. Swiss
needle cast-infected trees produce less ethanol as disease severity in-
creases due to carbon starvation, thereby making them less attractive to
Douglas-fir beetle (Kelsey and Manter, 2004). However, when Swiss
needle cast-infected trees are attacked, those attacks are likely to be
successful due to lowered oleoresin defense systems, another symptom
of carbon starvation. In addition to the lack of host nutrition due to
disease, plantation-aged trees are not ideal for Douglas-fir beetle brood
development given their relatively small size (Shaw et al., 2009).
However, if another disturbance, such as a windthrow event or episodic
drought, causes tree stress or mortality, Swiss needle cast-affected for-
ests could potentially be susceptible to a Douglas-fir beetle outbreak
(Kelsey and Manter, 2004).

Interactions with root diseases are extremely important because
endemic populations of Douglas-fir beetle depend on stressed and re-
cently fallen trees. Hansen and Goheen (2000) found that approxi-
mately 77% of standing Douglas-fir killed by Douglas-fir beetle was
located within laminated root rot centers, suggesting that laminated
root rot allows the beetle to persist on the landscape in sufficient
numbers to respond to windthrow events or drought. Trees infected by
P. sulphurascens release more ethanol and monoterpenes, compounds
that signal host stress, than healthy trees do (Kelsey et al., 2016). This
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likely leads to increased attacks, though attacks may only be successful
after laminated root rot infection has progressed enough to impair resin
flow defense, employed by healthy trees to defend against bark beetle
attacks (Kelsey et al., 2016). Black stain root disease infection is also
associated with increased ethanol concentrations in Douglas-fir sap-
wood (Kelsey and Joseph, 1998). It is possible that the same mechanism
that signals Douglas-fir beetles to laminated root rot infected trees oc-
curs in black stain root disease infected trees. However, black stain root
disease typically occurs in small diameter trees rather than Douglas-fir
beetle’s preferred size class; other bark beetles like the Douglas-fir pole
beetle (Pseudohylesinus nebulosus [LeConte]) (Coleoptera: Curculio-
nidae: Scolytinae), may replace Douglas-fir beetle in small diameter
black stain root disease-infected trees.

5. Predicted climate change impacts

There are three components of changing climate likely to influence
the ecology of the Douglas-fir region: hotter drier summers, warmer
wetter winters, and elevated atmospheric CO2 levels. Climate model
simulations suggest that by mid-century the Douglas-fir region will
experience hotter drier summers and warmer wetter winters with
substantial decreases in snowpack (Mote and Salathé, 2010). Averaged
across a number of regionally downscaled climate models, it is pre-
dicted that, compared to the 1970–1999 period, the Douglas-fir region
will experience increases in annual temperature of 1.1 °C by the 2020 s,
1.8 °C by the 2040 s, and 2.9 °C by the 2080 s (Littell et al., 2009). As of
2014, atmospheric CO2 concentration levels were ∼390 ppm, and are
projected to rise to 550–1000 ppm by year 2100 depending on emis-
sions scenario (IPCC, 2014). As current levels are more than 50% higher
than pre-industrial levels, climate change impacts in this forest type are
likely already occurring. These changes may have direct impacts on tree
physiological mechanisms (Table 2), indirectly influence trees by al-
tering the behavior of other disturbance agents, and alter interactions
between disturbance agents (Table 3), potentially leading to substantial
changes in the disturbance regime.

5.1. Hotter drier summers

Hotter drier summers predicted to occur in the Douglas-fir region as
a result of climate change are likely to have substantial impacts on
forests. Tree mortality and non-lethal reductions in tree growth that
occur as a result of drought and heat events can represent large de-
creases in net ecosystem productivity (Allen et al., 2015). Both air
temperature and soil moisture limit Douglas-fir growth, although the
relative influence of each varies somewhat by site conditions (Beedlow
et al., 2013). Productivity generally increases until an optimum tem-
perature is reached, which differs with site conditions, at which point it
begins to decrease. Optimum temperature and moisture regimes for
establishment and growth of a given plant genotype or species can be
relatively narrow (Wang et al., 2006). Thus, future climate conditions
in the Douglas-fir region may result in reductions in establishment and

growth of current local tree populations, increases in competition from
genotypes and species better-suited to the new climate conditions, and
ultimately, changes in forest composition.

Tree-ring chronologies covering decades to several centuries are key
data sources for investigating climate effects on tree growth, but
growth-climate relations are difficult to infer because climatic factors
are often correlated and interact with each other. Several studies in the
western US have found that water supply is often the most limiting
factor for tree growth (Littell et al., 2008; Restaino et al., 2016). Across
the forest type’s moisture gradient, annual radial growth was correlated
with water balance, drought, or precipitation during the late summer of
the year prior to growth, and during the early summer of the current
year of growth (Littell et al., 2008). Restaino et al. (2016) indicate that
these forests are sensitive to changes in climatic water deficit and VPD.
Vapor pressure deficit scenarios associated with hotter drier summers
are strongly linked to decreased productivity, and these scenarios are
projected to become dominant throughout the distribution of Douglas-
fir by the 2080s.

Other dendrochronological studies in the region indicate that
growth responds differently to temperature and precipitation de-
pending upon elevation (Case and Peterson, 2005), topography, and
soil characteristics (Brubaker, 1980; Watson and Luckman, 2002). At
low to mid-elevations, growth correlates positively with growing season
precipitation and soil moisture, and negatively with summer tempera-
tures in both current and prior years (Brubaker, 1980; Case and
Peterson, 2005; Watson and Luckman, 2002; Zhang and Hebda, 2004).
At high elevations, growth correlates positively with summer and an-
nual temperatures, winter snowpack, and growing season length
(Graumlich and Brubaker, 1986; Littell et al., 2008; Nakawatase and
Peterson, 2006; Peterson and Peterson, 1994). Therefore, it is probable
that at more xeric sites within Douglas-fir region, the influence of heat
waves and increased air temperature on the moisture regime will be-
come more limiting as the climate continues to warm, likely leading to
decreased productivity on these sites. Productivity may increase at high
elevation sites as warming increases growing season length, but the
influence of decreased snowpack may confound this effect (Lee et al.,
2016).

Fire, characterized primarily by infrequent (on the scale of cen-
turies) high severity wildfire, has played a large role in the disturbance
regime in the Douglas-fir region, particularly prior to large-scale fire
suppression initiated in the mid-20th century. Area burned is hypothe-
sized by some to increase substantially with hotter drier summers as-
sociated with climate change (Littell et al., 2010; Rogers et al., 2011).
Although models of area burned are not well-developed for this forest
type, retrospective studies of west-side Douglas-fir fire history using fire
scars (Weisberg and Swanson, 2003) and sediment records (Long et al.,
1998) have noted that past climate patterns have been strongly related
to the fire interval in this region. Both soil moisture (Elsner et al., 2010)
and fuel moisture (Littell et al., 2010) during the fire season are pre-
dicted to decrease with projected climate change, presumably leading
to increased area burned. Furthermore, the portions of the region that

Table 2
Major attributes of predicted climate change in the Coastal Pacific Northwest Douglas-fir region, associated factors influencing tree physiology, and direct effects of climate change
attributes on tree productivity.

Predicted climate change attribute Physiological factors Direct effects

Hotter drier summers:
Increased summer temperature
Decreased growing season precipitation

Increased vapor pressure deficit; increased respiration in lowland
areas; increased length of growing season at higher elevations;
reduced photosynthesis; reduced hydraulic conductivity;
reduced phloem transport capacity

Reduced growth at low elevations and on xeric sites; possible
increased growth at high elevations; increased tree top dieback
and mortality at water-limited sites

Warmer wetter winters:
Increased winter temperature
Reduced winter snow accumulation

Increased winter photosynthesis, altered phenology patterns;
possible earlier depletion of available soil water in summer

Increased or decreased bole growth during and following growing
season; earlier onset and later cessation of growth

Elevated atmospheric CO2 Nitrogen limitation; increased water use efficiency and root
exudates

Possible increased growth (may be limited by other factors);
altered nutrient cycling; effects on insects and diseases largely
unknown
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receive relatively low precipitation and experience high summer tem-
peratures experience fire more frequently (Poage et al., 2009). This
suggests that hotter drier summers could increase fire frequency
throughout the region. However, a recent analysis of projected changes
in the Oregon Coast Range’s fire regime indicates that although area
burned and fire severity may increase slightly under climate change,
large wildfires will likely remain rare in this region (Creutzburg et al.,
2016). Additionally, it appears that west-side Douglas-fir forests are
resilient to a highly variable fire regime as well as variable climatic
conditions (Tepley et al., 2014).

5.2. Warmer wetter winters

In the Douglas-fir region, winter temperatures are mild and daytime
temperatures below freezing are relatively rare (Waring and Franklin,
1979). Model simulations indicate that up to 50% of the annual net
carbon accumulation in this region occurs between October and May,
although this is often referred to as the dormant season (Emmingham
and Waring, 1977). Along with drier and hotter conditions during the
growing season, future climate regimes in the Pacific Northwest are
predicted to involve warmer winters with increased precipitation
falling as rain, rather than snow (Mote and Salathé, 2010). An increase
in winter temperature may extend growing season duration and en-
hance photosynthesis in the winter in some areas (Creutzburg et al.,
2016), particularly at high elevations, but even at these sites the ben-
efits of enhanced photosynthesis in a prolonged growing season could
be offset by increases in respiration (Spittlehouse, 2003). Moreover, an
earlier start of the growing season may leave less available soil water
for the primary growing season in late spring and early summer, re-
sulting in reduced annual carbon uptake (Angert et al., 2005; Hu et al.,
2010).

A number of studies have documented significant deviations from
historic trends in hydrologic processes in the western U.S. over the last
several decades. These include earlier snow melt (Stewart et al., 2005),
reduced spring snow water equivalent, defined as the amount of water
contained within snowpack (Mote, 2006), and shorter snow accumu-
lation periods (Trujillo and Molotch, 2014). Using a spatially dis-
tributed process-based model, Sproles et al. (2013) predicted that a 2 °C

increase in mean annual temperature would result in a peak snowpack
occurring 12 days earlier and a 56% reduction in basin-wide volumetric
snow water storage in the western Cascade Mountains in Oregon. Mote
and Salathé (2010) examined simulations from a suite of different
models that predicted an average increase in regional winter pre-
cipitation of 8% by the 2080s. Although this represents a rise in pre-
cipitation, the occurrence of a warmer temperature regime concurrent
with the precipitation could result in warm rain that depletes snow-
pack. In the Douglas-fir region, snowpack represents the dominant
storage for water used by forests (Mote, 2006), so climate scenarios that
result in reduced winter snowpack are likely to have a substantial im-
pact on soil water content during the growing season.

5.3. Elevated atmospheric CO2

Elevated atmospheric CO2 has been hypothesized to elicit a fertili-
zation effect in plants by increasing photosynthesis (Norby et al., 1999)
and water use efficiency (Schäfer et al., 2002). Given the fertilization
effect, tree productivity is hypothesized to increase, and this effect has
been observed in open-air experiments (DeLucia et al., 1999; Norby
et al., 1999). However, factors like increased temperature and water
stress, changing climatic patterns, and nitrogen availability are all
thought to limit tree productivity in the Douglas-fir region (Beedlow
et al., 2004). In addition, recent work has noted that cambial activity
and xylem formation, processes whose relationships to climate change
are poorly understood, are more likely to limit tree productivity than
photosynthesis (Rathgeber et al., 2016). Others have emphasized the
importance of ectomycorrhizal fungi in the occurrence of a positive
fertilization effect under elevated atmospheric CO2 (Terrer et al., 2016).

Photosynthetic rates increase in Douglas-fir seedlings under ele-
vated atmospheric CO2 (Lewis et al., 1999, 2001), but the additional
carbon does not lead to increased growth (Olszyk et al., 1998a), as the
carbon appears to be primarily allocated to soil organic carbon pools
(Lin et al. 1999, 2001), rather than to tree biomass production (Olszyk
et al., 2003). Total stored soil carbon is unlikely to change significantly
under variable atmospheric CO2, due to decomposition processes in the
soil and litter (Beedlow and Tingey, 2007). However, the increased
photosynthetic rates observed in seedlings under elevated atmospheric

Table 3
Major insects and diseases currently important and potentially important in the Douglas-fir disturbance regime with hypothesized responses to climate change.

Biotic agent Relation to climate change Hypothesized response to hotter drier summers and warmer wetter winters

Currently important
Douglas-fir beetle

(Dendroctonus
pseudotsugae)

Associated with windthrow and drought events; response to
elevated CO2 unknown

Increased severity with hotter drier summers and more extreme weather
events increasing host stress; improved beetle development with warmer
winters possible

Swiss needle cast
(Phaeocryptopus
gaeumannii)

Associated with warm winter temperatures and spring—summer
precipitation and leaf wetness; response to elevated CO2 unknown

Increased severity given warmer wetter winters favoring pathogen
development, unclear effect of hotter drier summers, but potential
decreased severity; net effect of climate change patterns unknown

Black stain root disease
(Leptographium wagneri)

Associated with host stress from drought which increases vector
attraction, increases host susceptibility to disease; response to
elevated CO2 unknown

Increased severity likely with hotter drier summers increasing host stress,
warmer winters favoring improved vector development, although the
influence on pathogen virulence is largely unknown; possibility of
decreased severity if changing climatic conditions lead to asynchronicity in
pathogen and insect development

Laminated root rot
(Phellinus sulphurascens)

Poorly understood, but not thought to be strongly related to
climate; response to elevated CO2 unknown

Unlikely to change substantially in response to temperature and
precipitation

Potentially important under climate change
Douglas-fir engraver

(Scolytus unispinosus)
Associated with drought and other biotic stresses May become more important in west-side Douglas-fir with increased

severity and frequency of episodic droughts
Flatheaded fir borer

(Phaenops drummondi)
Associated with drought or dry, harsh sites May become more important in west-side Douglas-fir with increased

severity and frequency of episodic droughts
Douglas-fir tussock moth

(Orgyia pseudotsugata)
Poorly understood May become more important in west-side Douglas-fir with hotter drier

summers
Western spruce budworm

(Choristoneura freemani)
Poorly understood May become more important in west-side Douglas-fir with hotter drier

summers
Armillaria root disease

(Armillaria sp.)
Warmer, drier conditions may increase tree stress, which is linked
to Armillaria behavior

As trees become more maladapted, it is anticipated that Armillaria will take
advantage of stressed and low vigor trees. Warmer winters allow
continued development, hotter drier summers increase tree stress
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CO2 are unlikely to be representative of processes occurring in mature,
closed canopy forests (Norby et al., 1999).

Studies on the effects of elevated atmospheric CO2 have limitations
when applied to forested ecosystems. Most studies on this topic are
conducted in a greenhouse setting, on seedlings, for only several years.
In general, it is unknown whether the trends reported in these kinds of
studies will continue as trees mature, or whether the trends are tem-
porary. In addition, effects of elevated atmospheric CO2 will likely be
confounded by the effects of elevated temperatures under real-world
climate change conditions. Elevated temperatures have been shown to
be associated with bud and needle malformation (Apple et al., 1998),
increased stomatal conductance (Apple et al., 2000), and abnormal
morphology (Olszyk et al., 1998a, 1998b) in Douglas-fir seedlings.
Warming soil temperatures have been shown to increase plant carbon
storage by increasing nitrogen availability in a deciduous forest in New
England (Melillo et al., 2011), but plant production and nitrogen cy-
cling are limited by soil nitrogen in western conifer forests (LeBauer
and Treseder, 2008).

5.4. Interacting effects with climate change

Several climate envelope modeling efforts have indicated that por-
tions of the forested area currently suitable for Douglas-fir will not be
suitable under future climate conditions. These effects are predicted to
occur primarily at lower latitudes and elevations, while Douglas-fir is
predicted to increase at higher elevations and latitudes (Flower et al.,
2013; Littell et al., 2010). However, these models use only temperature
and precipitation to determine distributions, which represents an
oversimplification of the drivers of species range shifts. For example,
genetic trials indicate that not all Douglas-fir will respond to climate
change uniformly (Bansal et al., 2015a, 2015b; Montwé et al., 2015; St.
Clair and Howe, 2007). Therefore, it is unlikely that these models can
adequately capture within-species variability. Climate change effects
will not be uniform, as competition, stand structure, and forest com-
position are also predicted to have a large influence on the manifesta-
tion of the effects of climate change (Ford et al., 2017). Furthermore,
interactions with other biota are not considered in these models and
will likely influence tree response to climate change. Climate and dis-
turbance interactions are contingent upon many things, including agent
biology (for insects and diseases), host biology, genetics, and dis-
turbance frequency and severity, as well as other components of the
physical environment. However, in pathogen epidemiology and insect
development models, temperature and moisture are typically key fac-
tors, and these factors will change and seasonally shift in projected
future climates.

The effects of climate change on laminated root rot are relatively
unknown. Some suggest that P. sulphurascens may be somewhat re-
sistant to changes in air temperature given the buffering effect of soil
(Kliejunas et al., 2009) while others suggest that both the pathogen’s
spread rate and host susceptibility to disease will increase (Washington
State Academy of Sciences, 2013). However, vigor is currently under-
stood to be unrelated to susceptibility to laminated root rot infection
(Hansen and Goheen, 2000), so it is unclear whether increased host
susceptibility will indeed result from increased host stress anticipated to
occur with climate change. It is possible that trees already infected with
disease will be more sensitive to hotter drier summers and increased
drought stress due to reduced root area and function. This could lead to
increased tree mortality and top dieback, and potentially, increased
Douglas-fir beetle populations and infestations. However, Armillaria
root disease (caused by Armillaria species, likely A. ostoyae (Romagn.)
Herink, Herink, J., in conifers of the Douglas-fir region) is thought to be
more responsive to tree stress (Lockman and Kearns, 2016), and it is
hypothesized that the disease will become much more important in this
region under future climate scenarios (Kliejunas et al., 2009).

Climate change influences on black stain root disease are likely to be
complex, given that both a fungal pathogen and several species of insect

vectors are involved. Black stain root disease is currently found in a
variety of environmental conditions, from hot and dry sites to cool and
wet sites (Hessburg et al., 1995), so it is unclear whether climate change
will directly affect this disease. If increased frequency or severity of
droughts increases host stress, trees may be more vulnerable to attack
since these insect vectors respond to ethanol production associated with
tree stress. However, there is some indication that cool and moist soil
conditions are favorable for pathogen development (Hessburg et al.,
1995), so there is a possibility that increased frequency and intensity of
droughts could lead to a decline in pathogen virulence.

The intensification of short-rotation monoculture Douglas-fir for-
ests, particularly on industrial land, will continue to provide attractive
substrate, in the form of recently created stumps, for insect vector
feeding and reproduction. Therefore, the potential for increase in black
stain root disease in planted forest landscapes under drought or other
stress, coupled with intensification of management, will be significant.
However, increased temperatures could also alter insect life cycles,
leading to potential asynchronicity with L. wageneri, and a lowered
pathogen vectoring ability. Furthermore, the interactions may change
in different ways for each insect vector species.

Direct impacts on Swiss needle cast due to climate change are likely
to be site-dependent (Lee et al., 2013) and to depend on the specifics of
the climate change scenario. Many climate change predictions indicate
that conditions will become warmer year-round and that droughts will
be more frequent. Dry and hot conditions are hypothesized to be in-
hibitory to fungal development (Rosso and Hansen, 2003), especially on
xeric sites (Lee et al., 2013). These conditions are predicted to lead to
decreased disease severity (Zhao et al., 2011). Conversely, synchronous
outbreaks of Swiss needle cast noted across western Oregon have been
found to exacerbate the negative growth impacts from high VPD (Lee
et al., 2013, 2016), suggesting the potential for increased disease se-
verity during hot and dry periods. However, if warm spring tempera-
tures co-occur with rain events prior to onset of drought, conditions for
inoculum production would be ideal, and would likely lead to increased
disease. While there has been a 33% decline in summer coastal fog
frequency since the mid-20th century that is likely to continue under
climate change (Johnstone and Dawson, 2010), recent trends in the
Douglas-fir region have shown increased water availability in May and
June (Mildrexler et al., 2016). This trend may explain increasing in-
tensification of the disease in the past decade (Ritóková et al., 2016).
Given that the P. gaeumannii development-limiting threshold of 110mm
of June-July precipitation (Hood, 1982) continues to be met, it is likely
that Swiss needle cast will continue to be an important disease in
Douglas-fir region.

The interacting effects of warmer wetter winters, hotter drier sum-
mers, and biotic disturbance agents such as Swiss needle cast are likely
to have direct and indirect effects on the Douglas-fir beetle. Douglas-fir
beetle experiences an obligatory adult diapause during the winter
(Ryan, 1959), which could be disrupted if minimum winter tempera-
tures rise beyond a certain level, potentially leading to decreases in
beetle fitness (Bentz et al., 2010). The Douglas-fir beetle currently has a
one-year life cycle in which multiple broods emerge at various times of
the year (Furniss and Kegley, 2014). It is unknown whether climate
change will have an effect on the Douglas-fir beetle life cycle or timing
of brood emergence. However, host susceptibility and attractiveness is
negatively influenced by severe Swiss needle cast (Kelsey and Manter,
2004), so in severely diseased stands, Douglas-fir beetle may not be able
to react to typical climate drivers.

The most prevalent indirect climate effects on Douglas-fir beetle are
those of increased risk of widespread windthrow due to more extreme
weather events (Elsner et al., 2008; Emanuel, 2005) and increased host
stress under warmer temperatures and more frequent drought (Ayres,
1993). Downed trees emit ethanol, while drought and temperature-
stressed Douglas-fir both emit ethanol and have lowered oleoresin de-
fenses (Rudinsky, 1966), therefore Douglas-fir beetle attack success
during the endemic phase may increase with climate change. Higher
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success rates during endemic phases may also result in higher prob-
ability of epidemic initiation. It should be noted, however, that several
studies have shown wide genetic variation in traits like drought toler-
ance and cold hardiness in Douglas-fir, suggesting that even within a
single species and region, these interactions will not be uniform (Bansal
et al., 2015a, 2015b; St Clair and Howe, 2007).

Forest management is commonly suggested as a means to mitigate
the impacts of climate change on forest ecosystems. In particular, re-
duction of density via forest thinning is often proposed as a manage-
ment option to improve drought resistance and increase tree vigor
(Bradford and Bell, 2017; D’Amato et al., 2013). Although this strategy
is implemented more frequently in dry forests, it is currently a popular
approach for increasing structural diversity in the Douglas-fir region
(Kuehne et al., 2015). However, the effectiveness of this strategy is not
always straightforward, and results can vary with silvicultural pre-
scription, stand age and type, as well as other site characteristics (Sohn
et al., 2016). Furthermore, the major biotic disturbance agents in the
region may respond differently to various forest management practices,
which could lead to variable results in terms of overall forest health.
These agents also interact with one another, making for complex long-
term interactions surrounded by many uncertainties following forest
management actions.

6. Knowledge gaps

Regardless of climate change scenarios, the biotic disturbance
agents discussed above are likely to remain prominent or increase on
the landscape. However, significant questions remain regarding inter-
actions of trees, climate, and disturbance factors. We outline key areas
in which further study is needed below.

6.1. How do biotic disturbance agents influence the fire regime in the
Douglas-fir region, and how will these interactions change with global
climate change?

Given the trends of hotter drier summers, and warmer wetter win-
ters expected in Douglas-fir region, fire frequency is likely to increase as
favorable conditions for fire initiation will become increasingly
common (Abatzoglou and Williams, 2016). Additionally, there is a
potential for warmer wetter winters to be associated with increased
productivity, leading to increased biomass and fuel loads. Fuel loads
and canopy connectivity in natural stands are generally high and should
favor large extent, high intensity fires, while fire behavior in young
plantations is not well-understood. Dramatic changes to the fire regime
may also result in a forest type conversion in some areas of the Douglas-
fir region. Conversely, in other areas increased fire frequency may fa-
cilitate increased Douglas-fir dominance over fire-sensitive species like
western hemlock.

Interactions between fire and biotic disturbance agents such as
Douglas-fir beetle, Swiss needle cast, laminated root rot, and black stain
root disease are poorly understood. These disturbance agents may in-
fluence fuel dynamics and fire behavior in various ways. Conversely,
fire damage may influence host response or susceptibility to any of
these agents. For example, Furniss and Carolin (1977) note that Dou-
glas-fir beetles tend to increase in response to fire, drought, and
windthrown mature timber. Quantifying these interactions will become
increasingly important as fire is predicted to become more prevalent in
Douglas-fir forests with climate change (Littell et al., 2010).

Interactions will differ among disturbance agents leading to more
specific questions such as: Do increased terpenes associated with
Douglas-fir beetle attacks lead to attacked trees becoming more flam-
mable? Do decreased bole water content and foliar moisture content
associated with drought-stress increase tree flammability? How many
drought-stressed or Douglas-fir beetle-attacked trees would need to be
present and simultaneously in the “red stage” (i.e., immediately fol-
lowing attack, with an intact canopy, low foliar moisture, high terpene

concentration) to create a biologically significant impact on fire beha-
vior? Does the reduction in foliage associated with Swiss needle cast
lead to decreased canopy bulk density and decreased likelihood of
crown fire? Does Swiss needle cast have an effect on foliar moisture
content, and therefore, foliage flammability? Do discontinuous fuel
beds created by root diseases and windthrow result in significant
changes to fire behavior?

6.2. Will climate change lead to amplification of existing biotic disturbance
agents or expansions of agents currently common in dry mixed-conifer
forests of the Douglas-fir region?

While the introductions of alien pests and diseases are a persistent
threat in this region, particularly given that it is dominated by a single
species (Franklin et al., 2017), changes in climate present the possibility
of amplification of impacts of biotic disturbance agents that are not
currently of high importance (Table 3). The Douglas-fir beetle is
thought to behave differently in dry forests with outbreaks lasting
longer and killing more trees than is typical for the west side Douglas-fir
region (Furniss, 2014; Furniss and Carolin, 1977; Goheen and Willhite,
2006). Given a warming climate, it is unknown whether the behavior of
the Douglas-fir beetle will change in the west side Douglas-fir region.
The Douglas-fir engraver (Scolytus unispinosus LeConte), Douglas-fir
pole beetle (Pseudohylesinus nebulosus LeConte) (Coleoptera: Curculio-
nidae), and flatheaded fir borer (Phaenops drummondi [Kirby]) (Co-
leoptera: Buprestidae) are typically secondary disturbance agents and
often cause the most damage during droughty periods (Goheen and
Willhite, 2006; McMullen and Atkins, 1962). Although relatively little
is known about these insects’ potential to cause increased tree mortality
in the Douglas-fir region, it is possible that their impacts will become
more significant in this region as summers become hotter and drier and
drought stress increases.

Two defoliating insects, Douglas-fir tussock moth (Orgyia pseu-
dotsugata [McDunn.]) (Lepidoptera: Lymantridae) and western spruce
budworm (Choristoneura freemani [Clemens]) (Lepidoptera:
Tortricidae), currently cause minor and infrequent disturbance in the
Douglas-fir region, but commonly outbreak in interior Douglas-fir in
Washington and Oregon (Goheen and Willhite, 2006). Predicted de-
creases in water availability and increased temperatures (Abatzoglou
et al., 2014) could lead to an increase in habitat that is more similar to
interior Douglas-fir forests and a greater tree susceptibility to insect
defoliators. Spatiotemporal patterns of western spruce budworm out-
breaks in interior British Columbia are driven by localized outbreaks
during periods of regional-scale low autumn precipitation, followed by
an outward expansion from infestation centers throughout the region
(Senf et al., 2016). Regional patterns of projected moisture deficits will
likely increase the susceptibility of forests in the Douglas-fir region to
localized outbreaks and possible expansion regionally. However, fur-
ther research is needed to understand the relationships between these
insects and climate, as well as other factors that might influence their
amplified activity in the interior Pacific Northwest as compared with
the Douglas-fir region, such as forest structure and composition, host
genetics, and interactions with other disturbances.

Climate change response of pathogens commonly found in old
growth Douglas-fir forests rather than in young forests is largely un-
known. For example, little formal research has been conducted re-
garding the impacts of Phaeolus schweinitzii in the region, yet it is an
important butt rot of older trees associated with lower stem breakage
and tree blowdown (Goheen and Willhite, 2006). We are not aware of
any research indicating that tree stress is a factor in P. schweinitzii
ecology. Furthermore, two pathogens of potential importance, Phy-
tophthora pluvialis Reeser, Sutton, & Hansen and Rhizoctonia spp. have
been recently noted to cause localized defoliation to hemlock and
Douglas-fir in the region (Everett Hansen, personal communication). It
is currently unclear whether the damage caused by these pathogens will
be sustained over many seasons, or if it is an ephemeral event. Links to
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climatic events like episodic drought, warmer winters, or a chronically
drier climate, are also not yet understood, but may play a role in the
severity of disease caused by these pathogens. Research is needed to
understand these interactions, but biotic disturbance agents potentially
influenced by climate change must be considered when projecting al-
terations to the overall disturbance ecology of these forests.

The effect of elevated atmospheric CO2 on biotic disturbance agents
in the Douglas-fir region is poorly understood. Experimental studies
have shown that Douglas-fir increases photosynthesis under elevated
CO2 but the carbon appears to be primarily allocated to soil organic
carbon pools (Lin et al., 1999, 2001). Further, mycorrhizal associations
have been shown to control CO2 fertilization under nitrogen limitation,
particularly in trees (Terrer et al., 2016). Because elevated atmospheric
CO2 could affect both carbon assimilation and allocation, both insect
pests and fungal pathogens could be affected by changes in the quantity
and quality of nonstructural carbohydrates in various tissues, and by
increased carbon allocation belowground and the consequent changes
to the rhizosphere, respectively. Research is needed to identify potential
amplification of insects and diseases from elevated atmospheric CO2 in
the region.

6.3. How does the interaction between climate and the disturbance regime
influence ecosystem functioning and services? How will these change with
altered disturbance regimes that are expected in the future?

Forested ecosystems provide critical ecosystem services such as
carbon sequestration, maintenance of water quality and air quality, and
habitat for wildlife (Curtis and Carey, 1996; Harmon et al., 2004; Kline
et al., 2016; Ruggiero et al., 1991). Native forest insects and diseases,
although potentially destructive to wood volume production, play an
important role in ecosystem processes, including nutrient cycling and
carbon sequestration, and may provide other ecosystem services, such
as a positive influence on biodiversity, creating dead trees, partially
dead trees, and snags for wildlife, and increasing heterogeneity on the
landscape. Changes in effects from biotic disturbance agents resulting
from changing climate may also negatively influence ecosystem func-
tioning and ecosystem services with alteration of carbon and nutrient
cycling, reduction in species diversity, high densities of tree mortality,
and reduction of wildlife habitat and food sources (Weed et al., 2013).

While we have focused on interactions affecting existing Douglas-
fir, altered disturbance regimes will likely impact co-existing tree spe-
cies, forest regeneration and, consequently, the nature of future forests
(Peterson et al., 2014). Little is known about how biotic interactions
with climate change will affect reproduction of other important tree
species during or after disturbance in the Douglas-fir region. Specific
questions that must be addressed include: Will native forest insect
species begin to behave like invasive species as the climate continues to
change? Are non-native invasive species likely to play a bigger role in
the region in the future? Will altered importance of predominant biotic
disturbance agents affect ecosystem processes such as carbon seques-
tration and nutrient cycling? Will ecosystem services be affected? Are
we over-predicting ecosystem services that our forested landscapes can
provide?

Long-term research on the effects of forest harvesting on ecosystem
functions under various active management practices and changing
climate are largely unknown. Various harvesting systems (i.e., ground
based vs. cable logging) are used depending on the landowner and
terrain, which may have variable influences on water quality, soil
erosion, site productivity, and stand susceptibility to insects and pa-
thogens (Dyck et al., 1994; Kellogg et al., 2002). Regardless of the
system, impacts of logging on site productivity are thought to be rela-
tively minimal, particularly in areas with high levels of soil organic
matter and substantial precipitation infiltration, which aids in mini-
mizing soil erosion (Kellogg et al., 2002). However, further research is
needed to determine whether these trends will remain into the future.

7. Conclusions

The disturbance regime in Douglas-fir region consists of generally
long-term fire return intervals interacting with biotic and abiotic fac-
tors, which then interact with the anthropogenic disturbance of forest
management. Generalizations beyond the region are limited due to the
unique aspects of abiotic and biotic disturbance agents in these
Douglas-fir forests. Because climate-disturbance interactions vary de-
pending on topographic and edaphic conditions, management actions
should be tailored to specific forest types and locations. Impacts of in-
dividual insect and disease agents in the Douglas-fir region are rela-
tively well-understood, but their effects have not, in general, been in-
cluded in quantitative models. Furthermore, knowledge of the
interactions among disturbance agents is generally lacking and the
uncertainties surrounding the ways in which climate change impacts
will manifest in the Douglas-fir region lead to uncertainty regarding the
future changes to the disturbance regime. However, the influence of
biotic disturbance agents in this forest type is substantial. It is im-
perative to include biotic and abiotic disturbance effects, in addition to
constraints of temperature and moisture, in models of forested ecosys-
tems to accurately capture forest dynamics and understand how forests
may change in the future. Ultimately, this information is needed to
inform management actions. Adaptive forest management strategies to
changing climate for the broader Pacific Northwest, USA region, em-
phasize preserving species diversity by creating refugia and migration
corridors, and include stand thinning, assisted migration, and genetic
resistance (Franklin et al., 1991; Spies et al., 2010). To be effective in
specific forest types, such as those in the Douglas-fir region, adaptive
management must consider changing disturbance regimes and inter-
actions between biotic and abiotic factors.

Acknowledgements

The collaborative research described in this article has been funded
by the U.S. Environmental Protection Agency (EPA), U.S. Department of
Agriculture Forest Service (USFS) and the Oregon State University
Swiss Needle Cast Cooperative. It has been subjected to review by the
USFS and the EPA National Health and Environmental Effects Research
Laboratory’s Western Ecology Division and approved for publication.
Approval does not signify that the contents reflect the views of the EPA
or the USFS, nor does mention of trade names or commercial products
constitute endorsement or recommendation for use.

References

Abatzoglou, J.T., Rupp, D.E., Mote, P.W., 2014. Seasonal climate variability and change
in the Pacific Northwest of the United States. J. Clim. 27, 2125–2142. http://dx.doi.
org/10.1175/JCLI-D-13-00218.1.

Abatzoglou, J.T., Williams, A.P., 2016. Impact of anthropogenic climate change on
wildfire across western US forests. Proc. Natl. Acad. Sci. 113, 11770–11775. http://
dx.doi.org/10.1073/pnas.1607171113.

Albright, W.L., Peterson, D.L., 2013. Tree growth and climate in the Pacific Northwest,
U.S.A.: a broad-scale analysis of changing growth environments. J. Biogeogr. 40,
2119–2133. http://dx.doi.org/10.1111/jbi.12157.

Allen, C.D., Breshears, D.D., McDowell, N.G., 2015. On underestimation of global vul-
nerability to tree mortality and forest die-off from hotter drought in the
Anthropocene. Ecosphere 6 (8), 129. http://dx.doi.org/10.1890/ES15-00203.1.

Anderegg, W.R.L., Kane, J.M., Anderegg, L.D.L., 2012. Consequences of widespread tree
mortality triggered by drought and temperature stress. Nat. Clim. Chang. 3, 30–36.
http://dx.doi.org/10.1038/NCLIMATE1635.

Anderegg, W.R.L., Hicke, J.A., Fisher, R.A., Allen, C.D., Aukema, J., Bentz, B., Hood, S.,
Lichstein, J.W., Macalady, A.K., McDowell, N., Pan, Y., Raffa, K., Sala, A., Shaw, J.D.,
Stephenson, N.L., Tague, C., Zeppel, M., 2015. Tree mortality from drought, insects,
and their interactions in a changing climate. New Phytol. 208, 674–683. http://dx.
doi.org/10.1111/nph.13477.

Angert, A., Biraud, S., Bonfils, C., Henning, C.C., Buermann, W., Pinzon, J., Tucker, C.J.,
Fung, I., 2005. Drier summers cancel out the CO2 uptake enhancement induced by
warmer springs. Proc. Natl. Acad. Sci. 102, 10823–10827.

Apple, M.E., Lucash, M.S., Olszyk, D.M., Tingey, D.T., 1998. Morphogenesis of Douglas-fir
buds is altered at elevated temperature but not at elevated CO2. Environ. Exp. Bot.
40, 159–172.

Apple, M.E., Olszyk, D.M., Ormrod, D.P., Lewis, J., Southworth, D., Tingey, D.T., 2000.

M.C. Agne et al. Forest Ecology and Management 409 (2018) 317–332

328

http://dx.doi.org/10.1175/JCLI-D-13-00218.1
http://dx.doi.org/10.1175/JCLI-D-13-00218.1
http://dx.doi.org/10.1073/pnas.1607171113
http://dx.doi.org/10.1073/pnas.1607171113
http://dx.doi.org/10.1111/jbi.12157
http://dx.doi.org/10.1890/ES15-00203.1
http://dx.doi.org/10.1038/NCLIMATE1635
http://dx.doi.org/10.1111/nph.13477
http://dx.doi.org/10.1111/nph.13477
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0035
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0035
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0035
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0040
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0040
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0040
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0045


Morphology and stomatal function of Douglas fir needles exposed to climate change:
elevated CO2 and temperature. Int. J. Plant Sci. 161, 127–132.

Asner, G.P., Brodrick, P.G., Anderson, C.B., Vaughn, N., Knapp, D.E., Martin, R.E., 2015.
Progressive forest canopy water loss during the 2012–2015 California drought. Proc.
Natl. Acad. Sci. 113 (2), E249–E255. http://dx.doi.org/10.1073/pnas.1523397113.

Ayres, M.P., 1993. Global change, plant defense, and herbivory. In: Kareiva, P.M.,
Kingsolver, J.G., Huey, R.B. (Eds.), Biotic Interactions and Global Change. Sinauer
Associates, Sunderland, pp. 75–94.

Bailey, J.D., Tappeiner, J.C., 1998. Effects of thinning on structural development in 40- to
100-year-old Douglas-fir stands in western Oregon. For. Ecol. Manage. 108, 99–113.
http://dx.doi.org/10.1016/S0378-1127(98)00216-3.

Bansal, S., Harrington, C.A., Gould, P.J., St Clair, J.B., 2015a. Climate-related genetic
variation in drought-resistance of Douglas-fir (Pseudotsuga menziesii). Glob. Chang.
Biol. 21 (2), 947–958. http://dx.doi.org/10.1111/gcb.12719.

Bansal, S., St. Clair, J.B., Harrington, C.A., Gould, P.J., 2015b. Impact of climate change
on cold hardiness of Douglas-fir (Pseudotsuga menziesii): environmental and genetic
considerations. Glob. Chang. Biol. 21 (10), 3814–3826. http://dx.doi.org/10.1111/
gcb.12958.

Beedlow, P.A., Tingey, D.T., 2007. A summary of NHEERL ecological research on global
climate change. EPA 600/R-05/007 Environmental Protection Agency, Office of
Research and Development, National Health and Environmental Effects Research
Laboratory, Western Ecology Division, Corvallis, Oregon.

Beedlow, P.A., Tingey, D.T., Phillips, D.L., Hogsett, W.E., Olszyk, D.M., 2004. Rising at-
mospheric CO2 and carbon sequestration in forests. Front. Ecol. Environ. 2 (6),
315–322. http://dx.doi.org/10.1890/1540-9295(2004) 002[0315:RACACS]2.0.
CO;2.

Beedlow, P.A., Lee, E.H., Tingey, D.T., Waschmann, R.S., Burdick, C.A., 2013. The im-
portance of seasonal temperature and moisture patterns on growth of Douglas-fir in
western Oregon, U.S.A. Agric. For. Meteorol. 169, 174–185. http://dx.doi.org/10.
1016/j.agrformet.2012.10.010.

Bentz, B.J., Régnière, J., Fettig, C.J., Hansen, E.M., Hayes, J.L., Hicke, J.A., Kelsey, R.G.,
Negron, J.F., Seybold, S.J., 2010. Climate change and bark beetles of the western
United States and Canada: direct and indirect effects. BioScience 60 (8), 602–613.
http://dx.doi.org/10.1525/bio.2010.60.8.6.

Bernacchi, C.J., Singsaas, E.L., Pimentel, C., Portis Jr, A.R., Long, S.P., 2001. Improved
temperature response functions for models of Rubisco-limited photosynthesis. Plant
Cell Environ. 24 (2), 253–259. http://dx.doi.org/10.1111/j.1365-3040.2001.
00668.x.

Björkman, C., Niemelä, P. (Eds.), 2015. Climate Change and Insect Pests. Centre for
Agriculture and Biosciences International, Wallingford.

Berner, L.T., Law, B.E., Meddens, A.J.H., Hicke, J.A., 2017. Tree mortality from fires, bark
beetles, and timber harvest during a hot and dry decade in the western United States
(2003–2012). Environ. Res. Lett. 12, 065005. http://dx.doi.org/10.1088/1748-
9326/aa6f94.

Black, B.A., Shaw, D.C., Stone, J.K., 2010. Impacts of Swiss needle cast on overstory
Douglas-fir forests of the western Oregon Coast Range. For. Ecol. Manage. 259 (8),
1673–1680. http://dx.doi.org/10.1016/j.foreco.2010.01.047.

Bond, B.J., Kavanagh, K.L., 1999. Stomatal behavior of four woody species in relation to
leaf-specific hydraulic conductance and threshold water potential. Tree Physiol. 19,
503–510.

Bradford, J.B., Bell, D.M., 2017. A window of opportunity for climate-change adaptation:
easing tree mortality by reducing forest basal area. Front. Ecol. Environ. 15, 11–17.

Bray, E.A., Bailey-Serres, J., Weretilnyk, E., 2000. Responses to abiotic stresses. In:
Buchanan, B.B., Gruissem, W., Jones, R.L. (Eds.), Biochemistry and Molecular Biology
of Plants. American Society of Plant Physiologists, Rockville, pp. 1158–1203.

Bréda, N., Huc, R., Granier, A., Dreyer, E., 2006. Temperate forest trees and stands under
severe drought: a review of ecophysiological responses, adaptation processes and
long-term consequences. Ann. For. Sci. 63, 625–644. http://dx.doi.org/10.1051/
forest:2006042.

Brown, R.T., Agee, J.K., Franklin, J.F., 2004. Forest restoration and fire: principles in the
context of place. Conserv. Biol. 18 (4), 903–912. http://dx.doi.org/10.1111/j.1523-
1739.2004.521_1.x.

Brubaker, L.B., 1980. Spatial patterns of tree growth anomalies in the Pacific Northwest.
Ecol. 61 (4), 798–807. http://dx.doi.org/10.2307/1936750.

Buckley, T.N., 2005. The control of stomata by water balance. New Phytol. 168 (2),
275–292. http://dx.doi.org/10.1111/j.1469-8137.2005.01543.x.

Bumbaco, K.A., Mote, P.W., 2010. Three recent flavors of drought in the Pacific
Northwest. J. Appl. Meteorol. Climatol. 49, 2058–2068. http://dx.doi.org/10.1175/
2010JAMC2423.1.

Case, M.J., Peterson, D.L., 2005. Fine-scale variability in growth-climate relationships of
Douglas-fir, North Cascade Range, Washington. Can. J. For. Res. 35, 2743–2755.
http://dx.doi.org/10.1139/x05-191.

Cohen, W.B., Spies, T.A., Alig, R.J., Oetter, D.R., Maiersperger, T.K., Fiorella, M., 2002.
Characterizing 23 years (1972–1995) of stand replacement disturbance in western
Oregon forests with Landsat imagery. Ecosystems 5, 122–137. http://dx.doi.org/10.
1007/s10021-001-0060-X.

Creutzburg, M.K., Scheller, R.M., Lucash, M.S., LeDuc, S.D., Johnson, M.G., 2016. Forest
management scenarios in a changing climate: tradeoffs between carbon, timber, and
old forest. Ecol. Appl. http://dx.doi.org/10.1002/eap.1460.

Curtis, R.O., Carey, A.B., 1996. Timber supply in the Pacific Northwest: managing for
economic and ecological values in Douglas-fir forest. J. For. 94 (9), 4–7 35-37.

Curtis, R.O., DeBell, D.S., Miller, R.E., Newton, M.N., St. Clair, B., Stein, W.I., 2007.
Silviculture research and the evolution of forest practices in the Douglas-fir region.

General Technical Report PNW-GTR-696, USDA Forest Service, Pacific Northwest
Research Station, Portland, Oregon.

Dalton, M.M., Mote, P.W., Snover, A.K., 2013. Climate Change in the Northwest:
Implications for Our Landscapes, Waters, and Communities. Island Press,
Washington, D.C. http://cses.washington.edu/db/pdf/daltonetal678.pdf (accessed
January 31 2017).

D’Amato, A.W., Bradford, J.B., Fraver, S., Palik, B.J., 2013. Effects of thinning on drought
vulnerability and climate response in north temperate forest ecosystems. Ecol. Appl.
23 (8), 1735–1742. http://dx.doi.org/10.1890/13-0677.1.

DeLucia, E.H., Hamilton, J.G., Naidu, S.L., Thomas, R.B., Andrews, J.A., Finzi, A., Lavine,
M., Matamala, R., Mohan, J.E., Hendrey, G.R., Schlesinger, W.H., 1999. Net primary
production of a forest ecosystem with experimental CO2 enrichment. Science 284,
1177–1179. http://dx.doi.org/10.1126/science.284.5417.1177.

Domec, J.C., Warren, J.M., Meinzer, F.C., Brooks, J.R., Coulombe, R., 2004. Native root
xylem embolism and stomatal closure in stands of Douglas-fir and ponderosa pine:
mitigation by hydraulic redistribution. Oecologia 141, 7–16. http://dx.doi.org/10.
1007/s00442-004-1621-4.

Donnegan, J., Campbell, S., Azuma, D. (tech. eds.), 2008. Oregon's forest resources,
2001–2005: Five-year Forest Inventory and Analysis report. General Technical Report
PNW-GTR-765. USDA Forest Service, Pacific Northwest Research Station, Portland,
Oregon.

Dyck, W.J., Cole, D.W., Comerford, N.B., 1994. Impacts of Forest Harvesting on Long-
Term Site Productivity. Springer-Science + Business. Media. http://dx.doi.org/10.
1007/978-94-011-1270-3.

Elsner, J.B., Kossin, J.P., Jagger, T.H., 2008. The increasing intensity of the strongest
tropical cyclones. Nature 455, 92–95. http://dx.doi.org/10.1038/nature07234.

Elsner, M.M., Cuo, L., Voisin, N., Deems, J.S., Hamlet, A.F., Vano, J.A., Mickelson, K.E.B.,
Lee, S., Lettenmaier, D.P., 2010. Implications of 21st century climate change for the
hydrology of Washington State. Clim. Chang. 102 (1), 225–260. http://dx.doi.org/
10.1007/s10584-010-9855-0.

Emanuel, K., 2005. Increasing destructiveness of tropical cyclones over the past 30 years.
Nature 436, 686–688. http://dx.doi.org/10.1038/nature03906.

Emmingham, W.H., Waring, R.H., 1977. An index of photosyntheis for comparing forest
sites in western Oregon. Can. J. For. Res. 7 (1), 165–174. http://dx.doi.org/10.1139/
x77-023.

Flannigan, M., Cantin, A.S., de Groot, W.J., Wotton, M., Newbery, A., Gowman, L.M.,
2013. Global wildland fire season severity in the 21st century. For. Ecol. Manage.
294, 54–61. http://dx.doi.org/10.1016/j.foreco.2012.10.022.

Flower, A., Murdock, T.Q., Taylor, S.W., Zwiers, F.W., 2013. Using an ensemble of
downscaled climate model projections to assess impacts of climate change on the
potential distribution of spruce and Douglas-fir forests in British Columbia. Environ.
Sci. Policy 26, 63–74. http://dx.doi.org/10.1016/j.envsci.2012.07.024.

Ford, K.R., Breckheimer, I.K., Franklin, J.F., Freund, J.A., Kroiss, S.J., Larson, A.J.,
Theobald, E.J., HillRisLambers, J., 2017. Competition alters tree growth responses to
climate at individual and stand scales. Can. J. For. Res. 47, 53–62. http://dx.doi.org/
10.1139/cjfr-2016-0188.

Forest Ecosystem Management Assessment Team, 1993. Forest ecosystem management:
an ecological, economic, and social assessment. USDA Forest Service, Pacific
Northwest Research Station, Portland, OR.

Franklin, J.F., 1979. Vegetation of the Douglas-fir Region. In: Heilman, P.E., Anderson, H.
W., Baumgartner, D.M. (Eds.). Forest Soils of the Douglas-fir Region. Washington
State University Cooperative Extension, Pullman, Washington, USA, 99164.

Franklin, J.F., Dyrness, C.T., 1988. Natural vegetation of Oregon and Washington. Oregon
State University Press, Corvallis.

Franklin, J.F., Johnson, K.N., 2012. A restoration framework for federal forests in the
Pacific Northwest. J. For. 110 (8), 429–439. http://dx.doi.org/10.5849/jof.10-006.

Franklin, J.F., Spies, T.A., Van Pelt, R., Carey, A.B., Thornburgh, D.A., Berg, D.R.,
Lindenmayer, D.B., Harmon, M.E., Keeton, W.S., Shaw, D.C., Bible, K., Chen, J.,
2002. Disturbances and structural development of natural forest ecosystems with
silvicultural implications, using Douglas-fir forests as an example. For. Ecol. Manage.
155, 399–423. http://dx.doi.org/10.1016/S0378-1127(01)00575-8.

Franklin, J.F., Swanson, F.J., Harmon, M.E., Perry, D.A., Spies, T.A., Dale, V.H., McKee,
A., Ferrell, W.K., Means, J.E., Gregory, S.V., Lattin, J.D., Schowalter, T.D., Larsen, D.,
1991. Effects of global climatic change on forests in northwestern North America.
Northwest Environ. J. 7, 233–254.

Franklin, J.F., Spies, T.A., Swanson, F.J., 2017. Setting the stage: vegetation ecology and
dynamics. In: Olson, D.H., Van Horne, B. (Eds.), People, Forests, and Change: Lessons
from the Pacific Northwest. Island Press, Washington, D.C, pp. 16–32.

Furniss, M.M., 2014. The Douglas-fir beetle in western forests, a historical perspective
Part 1. Am. Entomol. 60, 84–96.

Furniss, R.L., Carolin, V.M., 1977. Western forest insects. USDA Forest Service,
Washington, D.C. Miscellaneous Publication 1339.

Furniss, M.M., Kegley, S.J., 2014. Douglas-fir beetle. Insect & Disease Leaflet 5, USDA
Forest Service, Washington, D.C.

Goheen, E.M., Willhite, E.A., 2006. Field guide to common diseases and insect pests of
Oregon and Washington conifers. R6-NR-FID-PR-01-06, USDA Forest Service,
Portland, Oregon.

Graumlich, L.J., Brubaker, L.B., 1986. Reconstruction of annual temperature
(1590–1979) for Longmire, Washington, derived from tree rings. Quat. Res. 25,
223–234. http://dx.doi.org/10.1016/0033-5894(86)90059-1.

Hansen, E.M., Goheen, D.J., 1988. Rate of increase of black-stain root disease in Douglas-
fir plantations in Oregon in Washington. Can. J. For. Res. 18, 942–946. http://dx.doi.
org/10.1139/x88-143.

M.C. Agne et al. Forest Ecology and Management 409 (2018) 317–332

329

http://refhub.elsevier.com/S0378-1127(17)30692-8/h0045
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0045
http://dx.doi.org/10.1073/pnas.1523397113
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0055
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0055
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0055
http://dx.doi.org/10.1016/S0378-1127(98)00216-3
http://dx.doi.org/10.1111/gcb.12719
http://dx.doi.org/10.1111/gcb.12958
http://dx.doi.org/10.1111/gcb.12958
http://dx.doi.org/10.1890/1540-9295(2004) 002[0315:RACACS]2.0.CO;2
http://dx.doi.org/10.1890/1540-9295(2004) 002[0315:RACACS]2.0.CO;2
http://dx.doi.org/10.1016/j.agrformet.2012.10.010
http://dx.doi.org/10.1016/j.agrformet.2012.10.010
http://dx.doi.org/10.1525/bio.2010.60.8.6
http://dx.doi.org/10.1111/j.1365-3040.2001.00668.x
http://dx.doi.org/10.1111/j.1365-3040.2001.00668.x
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0100
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0100
http://dx.doi.org/10.1088/1748-9326/aa6f94
http://dx.doi.org/10.1088/1748-9326/aa6f94
http://dx.doi.org/10.1016/j.foreco.2010.01.047
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0115
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0115
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0115
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0120
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0120
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0125
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0125
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0125
http://dx.doi.org/10.1051/forest:2006042
http://dx.doi.org/10.1051/forest:2006042
http://dx.doi.org/10.1111/j.1523-1739.2004.521_1.x
http://dx.doi.org/10.1111/j.1523-1739.2004.521_1.x
http://dx.doi.org/10.2307/1936750
http://dx.doi.org/10.1111/j.1469-8137.2005.01543.x
http://dx.doi.org/10.1175/2010JAMC2423.1
http://dx.doi.org/10.1175/2010JAMC2423.1
http://dx.doi.org/10.1139/x05-191
http://dx.doi.org/10.1007/s10021-001-0060-X
http://dx.doi.org/10.1007/s10021-001-0060-X
http://dx.doi.org/10.1002/eap.1460
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0170
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0170
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0180
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0180
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0180
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0180
http://dx.doi.org/10.1890/13-0677.1
http://dx.doi.org/10.1126/science.284.5417.1177
http://dx.doi.org/10.1007/s00442-004-1621-4
http://dx.doi.org/10.1007/s00442-004-1621-4
http://dx.doi.org/10.1007/978-94-011-1270-3
http://dx.doi.org/10.1007/978-94-011-1270-3
http://dx.doi.org/10.1038/nature07234
http://dx.doi.org/10.1007/s10584-010-9855-0
http://dx.doi.org/10.1007/s10584-010-9855-0
http://dx.doi.org/10.1038/nature03906
http://dx.doi.org/10.1139/x77-023
http://dx.doi.org/10.1139/x77-023
http://dx.doi.org/10.1016/j.foreco.2012.10.022
http://dx.doi.org/10.1016/j.envsci.2012.07.024
http://dx.doi.org/10.1139/cjfr-2016-0188
http://dx.doi.org/10.1139/cjfr-2016-0188
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0245
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0245
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0245
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0255
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0255
http://dx.doi.org/10.5849/jof.10-006
http://dx.doi.org/10.1016/S0378-1127(01)00575-8
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0270
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0270
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0270
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0270
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0275
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0275
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0275
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0280
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0280
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0285
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0285
http://dx.doi.org/10.1016/0033-5894(86)90059-1
http://dx.doi.org/10.1139/x88-143
http://dx.doi.org/10.1139/x88-143


Hansen, E.M., Goheen, E.M., 2000. Phellinus weirii and other native root pathogens as
determinants of forest structure and process in western North America. Annu. Rev.
Phytopathol. 38, 515–539. http://dx.doi.org/10.1146/annurev.phyto.38.1.515.

Hansen, E.M., Stone, J.K., Capitano, B.R., Rosso, P., Sutton, W., Winton, L., Kanaskie, A.,
McWilliams, M.G., 2000. Incidence and impact of Swiss needle cast in forest plan-
tations of Douglas-fir in coastal Oregon. Plant Dis. 84 (7), 773–778. http://dx.doi.
org/10.1094/PDIS.2000.84.7.773.

Harmon, M.E., Bible, K., Ryan, M.G., Shaw, D.C., Chen, H., Klopatek, J., Liu, X., 2004.
Production, respiration, and overall carbon balance in an old-growth Pseudotsuga-
Tsuga forest ecosystem. Ecosyst. 7, 498–512. http://dx.doi.org/10.1007/s10021-004-
0140-9.

Harrington, T.C., Reinhart, C., Thornburgh, D.A., Cobb, F.W.J., 1983. Association of
black-stain root disease with precommercial thinning of Douglas-fir. For. Sci. 29 (1),
12–14.

Healey, S.P., Cohen, W.B., Spies, T.A., Moeur, M., Pflugmacher, D., Whitley, M.G., Lefsky,
M., 2008. The relative impact of harvest and fire upon landscape-level dynamics of
older forests: lessons from the Northwest Forest Plan. Ecosyst. 11 (7), 1106–1119.
http://dx.doi.org/10.1007/s10021-008-9182-8.

Hessburg, P.F., Goheen, D.J., Bega, R.V., 1995. Black stain root disease of conifers. Forest
Insect & Disease Leaflet 145, USDA Forest Service, Washington, D.C.

Hessburg, P.F., Hansen, E.M., 2000. Infection of Douglas-fir by Leptographium wageneri.
Can. J. Bot. 78, 1254–1261.

Hood, I.A., 1982. Phaeocryptopus gaeumannii on Pseudotsuga menziesii in southern British
Columbia. N.Z. J. For. Sci. 12, 415–424.

Howard, J.L., 2007. U.S. timber production, trade, consumption, and price statistics 1965
to 2005. Research Paper FPL-RP-637. USDA Forest Service, Forest Products
Laboratory, Madison, Wisconsin.

Hsiao, T., 1973. Plant responses to water stress. Annu. Rev. Plant Physiol. 24, 519–570.
http://dx.doi.org/10.1146/annurev. pp. 24.060173.002511.

Hu, J., Moore, D.J., Burns, S.P., Monson, R.K., 2010. Longer growing seasons lead to less
carbon sequestration by a subalpine forest. Glob. Change Biol. 16, 771–783.

Intergovernmental Panel on Climate Change (IPCC). 2014. Climate change 2014: synth-
esis report contribution of working groups I, II and III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K.
Pachauri, R.K., Meyer, L.A., (Eds.)]. IPCC, Geneva, Switzerland.

Jensen, J.G., 1955. Tree farming in the Douglas-fir Region: An evaluation. Annual
Yearbook of the Association of Pacific Coast Geographers 17, 21–26.

Johnstone, J.A., Dawson, T.E., 2010. Climatic context and ecological implications of
summer fog decline in the coast redwood region. Proc. Natl. Acad. Sci. 107 (10),
4533–4538.

Johnstone, J.F., Allen, C.D., Franklin, J.F., Frelich, L.E., Harvey, B.J., Higuera, P.E., Mack,
M.C., Meentemeyer, R.K., Metz, M.R., Perry, G.L.W., Schoennagel, T., Turner, M.G.,
2016. Changing disturbance regimes, ecological memory, and forest resilience. Front.
Ecol. Environ. 14, 369–378. http://dx.doi.org/10.1002/fee.1311.

Kapnick, S., Hall, A., 2012. Causes of recent changes in western North American snow-
pack. Clim. Dyn. 38 (9), 1885–1899. http://dx.doi.org/10.1007/s00382-011-1089-y.

Kavanagh, K.L., Bond, B.J., Aitken, S.N., Gartner, B.L., Knowe, S., 1999. Shoot and root
vulnerability to xylem cavitation in four populations of Douglas-fir seedlings. Tree
Physiol. 19, 31–37. http://dx.doi.org/10.1093/treephys/19.1.31.

Kellogg, L.D., Milota, G.V., Stringham, B., 2002. Timber harvesting to enhance multiple
resources. In: Hobbs, S.D., Hayes, J.P., Johnson, R.L., Reeves, G.H., Spies, T.A.,
Tappeiner II, J.C., Wells, G.E. (Eds.), Forest and Stream Management in the Oregon
Coast Range. Oregon State University Press, Corvallis, pp. 135–171.

Kelsey, R.G., Joseph, G., 1998. Ethanol in Douglas-fir with black-stain root disease
(Leptographium wageneri). Can. J. For. Res. 28, 1207–1212. http://dx.doi.org/10.
1139/x98-087.

Kelsey, R.G., Manter, D.K., 2004. Effect of Swiss needle cast on Douglas-fir stem ethanol
and monoterpene concentrations, oleoresin flow, and host selection by the Douglas-
fir beetle. For. Ecol. Manage. 190 (2–3), 241–253. http://dx.doi.org/10.1016/j.
foreco.2003.10.019.

Kelsey, R.G., Joseph, G., Westlind, D., Thies, W.G., 2016. Ethanol and acetone from
Douglas-fir roots stressed by Phellinus sulphurascens infection: implications for de-
tecting diseased trees and for beetle host selection. For. Ecol. Manage. 360, 261–272.
http://dx.doi.org/10.1016/j.foreco.2015.10.039.

Kliejunas, J.T., Geils, B.W., Glaeser, J.M., Goheen, E.M., Hennon, P., Kim, M., Kope, H.,
Stone, J., Sturrock, R., Frankel, S.J., 2009. Review of literature on climate change and
forest diseases of western North America. Pacific Southwest Research Station, USDA
Forest Service, Albany, California General Technical Report PSW-GTR-225.

Kline, J.D., Harmon, M.E., Spies, T.A., Morzillo, A.T., Pabst, R.J., McComb, B.C.,
Schnekenburger, F., Olsen, K.A., Csuti, B., Vogeler, J.C., 2016. Evaluating carbon
storage, timber harvest, and habitat possibilities for a Western Cascades (USA) forest
landscape. Ecol. Appl. 26 (7), 2044–2059. http://dx.doi.org/10.1002/eap.1358.

Kolb, T.E., Fettig, C.J., Ayres, M.P., Bentz, B.J., Hicke, J.A., Mathiasen, R., Stewart, J.E.,
Weed, A.S., 2016. Observed and anticipated impacts of drought on forest insects and
diseases in the United States. For. Ecol. Manage. 380, 321–334. http://dx.doi.org/10.
1016/j.foreco.2016.04.051.

Kuehne, C., Weiskittel, A.R., Fraver, S., Puetmann, K.J., 2015. Effects of thinning-induced
changes in structural heterogeneity on growth, ingrowth, and mortality in secondary
coastal Douglas-fir forests. Can. J. For. Res. 45 (11), 1448–2146. http://dx.doi.org/
10.1139/cjfr-2015-0113.

Lavender, D.P., Hermann, R.K., 2014. Douglas-fir: The Genus Pseudotsuga. Oregon State
University Press, Corvallis.

Law, B.E., Waring, R.H., 2015. Carbon implications of current and future effects of

drought, fire and management on Pacific Northwest forests. For. Ecol. Manage. 355,
4–14. http://dx.doi.org/10.1016/j.foreco.2014.11.023.

LeBauer, D.S., Treseder, K.K., 2008. Nitrogen limitation of net primary production in
terrestrial ecosystems is globally distributed. Ecology 89, 371–379.

Lee, E.H., Beedlow, P.A., Waschmann, R.S., Burdick, C.A., Shaw, D.C., 2013. Tree-ring
analysis of the fungal disease Swiss needle cast in western Oregon coastal forests.
Can. J. For. Res. 43 (8), 677–690. http://dx.doi.org/10.1139/cjfr-2013-0062.

Lee, E.H., Beedlow, P.A., Waschmann, R.S., Tingey, D.T., Wickham, C., Cline, S., Bollman,
M., Carlile, C., 2016. Douglas-fir displays a range of growth responses to temperature,
water, and Swiss needle cast in western Oregon, USa. Agric. For. Meteorol. 221,
176–188. http://dx.doi.org/10.1016/j.agrformet.2016.02.009.

Lewis, J.D., Olszyk, D.M., Tingey, D.T., 1999. Seasonal patterns of photosynthetic light
response in Douglas-fir seedlings subjected to elevated atmospheric CO2 and tem-
perature. Tree Physiol. 19, 243–252. http://dx.doi.org/10.1093/treephys/19.4-5.
243.

Lewis, J.D., Lucash, M., Olszyk, D., Tingey, D.T., 2001. Seasonal patterns of photo-
synthesis in Douglas fir seedlings during the third and fourth year of exposure to
elevated CO2 and temperature. Plant Cell Environ. 24 (5), 539–548. http://dx.doi.
org/10.1046/j.1365-3040.2001.00700.x.

Lin, G., Ehleringer, J.R., Rygiewicz, P.T., Johnson, M.G., Tingey, D.T., 1999. Elevated CO2

and temperature impacts on different components of soil CO2 efflux in Douglas-fir
terracosms. Glob. Chang. Biol. 5, 157–168. http://dx.doi.org/10.1046/j.1365-2486.
1999.00211.x.

Lin, G., Rygiewicz, P.T., Ehleringer, J.R., Johnson, M.G., Tingey, D.T., 2001. Time-de-
pendent responses of soil CO2 efflux to elevated atmospheric [CO2] and temperature
treatments in experimental forest mesocosms. Plant and Soil 229 (2), 259–270.
http://dx.doi.org/10.1023/A:1004883221036.

Littell, J.S., Peterson, D.L., Tjoelker, M., 2008. Douglas-fir growth in mountain ecosys-
tems: water limits tree growth from stand to region. Ecol. Monogr. 78 (3), 349–368.
http://dx.doi.org/10.1890/07-0712.1.

Littell, J.S., McGuire Elsner, M., Whitely Binder, L.C., Snover, A.K., [Eds.], 2009. The
Washington climate change impacts assessment: evaluating Washington's future in a
changing climate – executive summary. Climate Impacts Group, University of
Washington, Seattle, Washington. www.cses.washington.edu/db/pdf/wacciaex-
ecsummary638.pdf (accessed January 31 2017).

Littell, J.S., Oneil, E.E., McKenzie, D., Hicke, J.A., Lutz, J.A., Norheim, R.A., Elsner, M.M.,
2010. Forest ecosystems, disturbance, and climatic change in Washington State, USA.
Clim. Chang. 102 (1), 129–158. http://dx.doi.org/10.1007/s10584-010-9858-x.

Lockman, I.B., Kearns,H.S.J., 2016. Forest root diseases across the United States. USDA
Forest Service, Rocky Mt. Research Station, Gen. Tech. Rep. RMRS-GTR-342, Ogden,
Utah.

Long, C.J., Whitlock, C., Bartlein, P.J., Millspaugh, S.H., 1998. A 9000-year fire history
from the Oregon Coast Range, based on a high-resolution charcoal study. Can. J. For.
Res. 28, 774–787. http://dx.doi.org/10.1139/x98-051.

Maguire, D.A., Mainwaring, D.B., Kanaskie, A., 2011. Ten-year growth and mortality in
young Douglas-fir stands experiencing a range in Swiss needle cast severity. Can. J.
For. Res. 41 (10), 2064–2076. http://dx.doi.org/10.1139/x11-114.

Manter, D.K., Reeser, P.W., Stone, J.K., 2005. A climate-based model for predicting
geographic variation in Swiss needle cast severity in the Oregon coast range.
Phytopathol. 95 (11), 1256–1265. http://dx.doi.org/10.1094/PHYTO-95-1256.

McMullen, L.H., Atkins, M.D., 1962. The life history and habits of Scolytus unispinosus
Leconte (Coleoptera: Scolytidae) in the Interior of British Columbia. Can. Entomol. 94
(1), 17–23.

Melillo, J.M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., Burrows, E., Bowles,
F., Smith, R., Scott, L., Vario, C., Hill, T., Burton, A., Zhou, Y.-M., Tang, J., 2011. Soil
warming, carbon-nitrogen interactions, and forest carbon budgets. Proc. Natl. Acad.
Sci. 108 (23), 9508–9512.

Mildrexler, D., Yang, Z., Cohen, W.B., Bell, D.M., 2016. A forest vulnerability index based
on drought and high temperatures. Remote Sens. Environ. 173, 314–325. http://dx.
doi.org/10.1016/j.rse.2015.11.024.

Mitchell, S.R., Harmon, M.E., O’Connell, K.E.B., 2009. Forest fuel reduction alters fire
severity and long-term carbon storage in three Pacific Northwest ecosystems. Ecol.
Appl. 19 (3), 643–655. http://dx.doi.org/10.1890/08-0501.1.

Montwé, D., Spiecker, H., Hamann, A., 2015. Five decades of growth in a genetic field
trial of Douglas-fir reveal trade-offs between productivity and drought tolerance. Tree
Genet. & Genomes 11 (2), 29. http://dx.doi.org/10.1007/s11295-015-0854-1.

Mote, P.W., 2006. Climate-driven variability and trends in mountain snowpack in western
North America. J. Clim. 19, 6209–6220. http://dx.doi.org/10.1175/JCLI3971.1.

Mote, P.W., Salathé Jr., E.P., 2010. Future climate in the Pacific Northwest. Clim. Chang.
102 (1), 29–50. http://dx.doi.org/10.1007/s10584-010-9848-z.

Nakawatase, J.M., Peterson, D.L., 2006. Spatial variability in forest growth-climate re-
lationships in the Olympic Mountains, Washington. Can. J. For. Res. 36 (1), 77–91.
http://dx.doi.org/10.1139/x05-224.

Nelson, E.E., Martin, N.E., Williams, R.E., 1981. Laminated root rot of western conifers.
USDA Forest Service, Washington, D.C. Forest Insect & Disease Leaflet 159.

Norby, R.J., Wullschleger, S.D., Gunderson, C.A., Johnson, D.W., Ceulemans, R., 1999.
Tree responses to rising CO2 in field experiments: implications for the future forest.
Plant Cell Environ. 22 (6), 683–714. http://dx.doi.org/10.1046/j.1365-3040.1999.
00391.x.

Ohmann, J.L., Gregory, M.J., Spies, T.A., 2007. Influence of environment, disturbance,
and ownership on forest vegetation of coastal Oregon. Ecol. Appl. 17 (1), 18–33.

Olszyk, D., Wise, C., VanEss, E., Tingey, D., 1998a. Elevated temperature but not elevated
CO2 affects long-term patterns of stem diameter and height of Douglas-fir seedlings.

M.C. Agne et al. Forest Ecology and Management 409 (2018) 317–332

330

http://dx.doi.org/10.1146/annurev.phyto.38.1.515
http://dx.doi.org/10.1094/PDIS.2000.84.7.773
http://dx.doi.org/10.1094/PDIS.2000.84.7.773
http://dx.doi.org/10.1007/s10021-004-0140-9
http://dx.doi.org/10.1007/s10021-004-0140-9
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0325
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0325
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0325
http://dx.doi.org/10.1007/s10021-008-9182-8
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0340
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0340
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0345
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0345
http://dx.doi.org/10.1146/annurev. pp. 24.060173.002511
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0360
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0360
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0375
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0375
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0375
http://dx.doi.org/10.1002/fee.1311
http://dx.doi.org/10.1007/s00382-011-1089-y
http://dx.doi.org/10.1093/treephys/19.1.31
http://dx.doi.org/10.1139/x98-087
http://dx.doi.org/10.1139/x98-087
http://dx.doi.org/10.1016/j.foreco.2003.10.019
http://dx.doi.org/10.1016/j.foreco.2003.10.019
http://dx.doi.org/10.1016/j.foreco.2015.10.039
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0415
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0415
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0415
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0415
http://dx.doi.org/10.1002/eap.1358
http://dx.doi.org/10.1016/j.foreco.2016.04.051
http://dx.doi.org/10.1016/j.foreco.2016.04.051
http://dx.doi.org/10.1139/cjfr-2015-0113
http://dx.doi.org/10.1139/cjfr-2015-0113
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0440
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0440
http://dx.doi.org/10.1016/j.foreco.2014.11.023
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0450
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0450
http://dx.doi.org/10.1139/cjfr-2013-0062
http://dx.doi.org/10.1016/j.agrformet.2016.02.009
http://dx.doi.org/10.1093/treephys/19.4-5.243
http://dx.doi.org/10.1093/treephys/19.4-5.243
http://dx.doi.org/10.1046/j.1365-3040.2001.00700.x
http://dx.doi.org/10.1046/j.1365-3040.2001.00700.x
http://dx.doi.org/10.1046/j.1365-2486.1999.00211.x
http://dx.doi.org/10.1046/j.1365-2486.1999.00211.x
http://dx.doi.org/10.1023/A:1004883221036
http://dx.doi.org/10.1890/07-0712.1
http://dx.doi.org/10.1007/s10584-010-9858-x
http://dx.doi.org/10.1139/x98-051
http://dx.doi.org/10.1139/x11-114
http://dx.doi.org/10.1094/PHYTO-95-1256
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0520
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0520
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0520
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0525
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0525
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0525
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0525
http://dx.doi.org/10.1016/j.rse.2015.11.024
http://dx.doi.org/10.1016/j.rse.2015.11.024
http://dx.doi.org/10.1890/08-0501.1
http://dx.doi.org/10.1007/s11295-015-0854-1
http://dx.doi.org/10.1175/JCLI3971.1
http://dx.doi.org/10.1007/s10584-010-9848-z
http://dx.doi.org/10.1139/x05-224
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0560
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0560
http://dx.doi.org/10.1046/j.1365-3040.1999.00391.x
http://dx.doi.org/10.1046/j.1365-3040.1999.00391.x
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0570
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0570


Can. J. For. Res. 28 (7), 1046–1054. http://dx.doi.org/10.1139/x98-114.
Olszyk, D., Wise, C., VanEss, E., Apple, M., Tingey, D., 1998b. Phenology and growth of

shoots, needles, and buds of Douglas-fir seedlings with elevated CO2 and (or) tem-
perature. Can. J. Bot. 76 (12), 1991–2001. http://dx.doi.org/10.1139/b98-169.

Olszyk, D.M., Johnson, M.G., Tingey, D., Rygiewicz, P.T., Wise, C., VanEss, E., Bensen, A.,
Storm, M., 2003. Whole seed biomass allocation, leaf area, and tissue chemistry for
Douglas-fir exposed to elevated CO2 and temperature for 4 years. Can. J. For. Res. 33,
269–278.

Perakis, S.S., Maguire, D.A., Bullen, T.D., Cromack, K., Waring, R.H., Boyle, J.R., 2005.
Coupled nitrogen and calcium cycles in forests of the Oregon Coast Range.
Ecosystems 9 (1), 63–74. http://dx.doi.org/10.1007/s10021-004-0039-5.

Peterson, D.W., Kerns, B.K., Dodson, E.K., 2014. Climate change effects on vegetation in
the Pacifi c Northwest: a review and synthesis of the scientific literature and simu-
lation model projections. Gen. Tech. Rep. PNWGTR-900. Portland, OR: U.S.
Department of Agriculture, Forest Service, Pacific Northwest Research Station, 183 p.

Peterson, D.W., Peterson, D.L., 1994. Effects of climate on radial growth of subalpine
conifers in the North Cascade Mountains. Can. J. For. Res. 24 (9), 1921–1932. http://
dx.doi.org/10.1139/x94-247.

Phillips, N., Ryan, M.G., Bond, B.J., McDowell, N.G., Hinckley, T., Cermak, J., 2003.
Reliance on stored water increases with tree size in three species in the Pacific
Northwest. Tree Physiol. 23 (4), 237–245. http://dx.doi.org/10.1093/treephys/23.4.
237.

Poage, N.J., Weisberg, P.J., Impara, P.C., Tappeiner, J.C., Sensenig, T.S., 2009. Influences
of climate, fire, and topography on contemporary age structure patterns of Douglas-
fir at 205 old forest sites in western Oregon. Can. J. For. Res. 39 (8), 1518–1530.
http://dx.doi.org/10.1139/X09-071.

Powers, J.S., Sollins, P., Harmon, M.E., Jones, J.A., 1999. Plant-pest interactions in time
and space: a Douglas-fir bark beetle outbreak as a case study. Landsc. Ecol. 14 (2),
105–120. http://dx.doi.org/10.1023/A:1008017711917.

Puettmann, K.J., Ares, A., Burton, J.I., Dodson, E.K., 2016. Forest restoration using
variable density thinning: lessons from Douglas-fir stands in western Oregon. For. 7
(12), 310. http://dx.doi.org/10.3390/f7120310.

Raich, J.W., Schlesinger, W.H., 1992. The global carbon dioxide flux in soil respiration
and its relationship to vegetation and climate. Tellus B 44, 81–99. http://dx.doi.org/
10.1034/j.1600-0889.1992.t01-1-00001.x.

Rathgeber, C.B.K., Cuny, H.E., Fonti, P., 2016. Biological basis of tree-ring formation: a
crash course. Front. Plant Sci. 7, 734. http://dx.doi.org/10.3389/fpls.2016.00734.

Restaino, C.M., Peterson, D.L., Littell, J., 2016. Increased water deficit decreases Douglas-
fir growth throughout western US forests. Proc. Natl. Acad. Sci. 113 (34), 9557–9562.
http://dx.doi.org/10.1073/pnas.1602384113.

Ritóková, G., Shaw, D.C., Filip, G., Kanaskie, A., Browning, J., Norlander, D., 2016. Swiss
needle cast in western Oregon Douglas-fir plantations: 20-year monitoring results.
For. 7 (8), 155. http://dx.doi.org/10.3390/f7080155.

Rogers, B.M., Neilson, R.P., Drapek, R., Lenihan, J.M., Wells, J.R., Bachelet, D., Law, B.E.,
2011. Impacts of climate change on fire regimes and carbon stocks of the U.S. Pacific
Northwest. J. Geophys. Res Biogeosci. 116, G03037. http://dx.doi.org/10.1029/
2011JG001695.

Rosso, P.H., Hansen, E.M., 2003. Predicting Swiss needle cast disease distribution and
severity in young Douglas-fir plantations in coastal Oregon. Phytopathology 93,
790–798. http://dx.doi.org/10.1094/PHYTO.2003.93.7.790.

Rudinsky, J.A., 1966. Host selection and invasion by the Douglas-fir beetle, Dendroctonus
pseudotsugae Hopkins, in coastal Douglas-fir forests. Can. Entomol. 98, 98–111.

Ruggiero, L.F., Aubry, K.B., Carey, A.B., Huff, M.H. [Eds.], 1991. Wildlife and vegetation
of unmanaged Douglas-fir forests. General Technical Report PNW-GTR-285, USDA
Forest Service, Pacific Northwest Research Station, Portland, Oregon.

Runyon, J., Waring, R.H., Goward, S.N., Welles, J.M., 1994. Environmental limits on net
primary production and light-use efficiency across the Oregon transect. Ecol. Appl. 4
(2), 226–237. http://dx.doi.org/10.2307/1941929.

Rupp, D.E., Abatzoglou, J.T., Mote, P.W., 2016. Projections of 21st century climate of the
Columbia River Basin. Clim. Dyn. http://dx.doi.org/10.1007/s00382-016-3418-7.

Ryan, R.B., 1959. Termination of diapause in the Douglas-fir beetle, Dendroctonus pseu-
dotsugae Hopkins (Coleoptera: Scolytidae), as an aid to continuous laboratory rearing.
Can. Entomol. 91 (8), 520–525.

Saffell, B.J., Meinzer, F.C., Voelker, S.L., Shaw, D.C., Brooks, J.R., Lachenbruch, B.,
McKay, J., 2014. Tree-ring stable isotopes record the impact of a foliar fungal pa-
thogen on CO2 assimilation and growth in Douglas-fir. Plant Cell Environ. 37 (7),
1536–1547. http://dx.doi.org/10.1111/pce.12256.

Sala, A., Woodruff, D.R., Meinzer, F.C., 2012. Carbon dynamics in trees: feast or famine?
Tree Physiol. 32 (6), 764–775. http://dx.doi.org/10.1093/treephys/tpr143.

Schäfer, K.V.R., Oren, R., Lai, C., Katul, G.G., 2002. Hydrologic balance in an intact
temperate forest ecosystem under ambient and elevated atmospheric CO2 con-
centration. Glob. Chang. Biol. 8 (9), 895–911. http://dx.doi.org/10.1046/j.1365-
2486.2002.00513.x.

Seidl, R., Spies, T.A., Peterson, D.L., Stephens, S.L., Hicke, J.A., 2016. Searching for re-
silience: addressing the impacts of changing disturbance regimes on forest ecosystem
services. J. Appl. Ecol. 53, 120–129. http://dx.doi.org/10.1111/1365-2664.12511.

Senf, C., Campbell, E.M., Pflugmacher, D., Wulder, M.A., Hostert, P., 2016. A multi-scale
analysis of western spruce budworm outbreak dynamics. Landsc. Ecol. 32, 501–514.
http://dx.doi.org/10.1007/s10980-016-0460-0.

Shaw, D.C., Oester, P.T., Filip, G.M., 2009. Managing insects and diseases of Oregon
conifers. Oregon State University Press, Corvallis Oregon State University Extension
Publication EM8980.

Shaw, D.C., Woolley, T., Kanaskie, A., 2014. Vertical foliage retention in Douglas-fir

across environmental gradients of the western Oregon Coast Range influenced by
Swiss needle cast. Northwest. Sci. 88, 23–32.

Sohn, J.A., Sha, S., Bauhus, J., 2016. Potential of forest thinning to mitigate drought
stress: a meta-analysis. For. Ecol. Manage. 380, 261–273. http://dx.doi.org/10.1016/
j.foreco.2016.07.046.

Spies, T.A., Giesen, T.W., Swanson, F.J., Franklin, J.F., Lach, D., Johnson, K.N., 2010.
Climate change adaptation strategies for federal forests of the Pacific Northwest,
USA: ecological, policy, and socio-economic perspectives. Landscape Ecol. 25,
1185–1199. http://dx.doi.org/10.1007/s10980-010-9483-0.

Spittlehouse, D.L., 2003. Water availability, climate change and the growth of Douglas-fir
in the Georgia Basin. Can. Water Resour. J. 28, 673–688. http://dx.doi.org/10.4296/
cwrj2804673.

Sproles, E.A., Nolin, A.W., Rittger, K., Painter, T.H., 2013. Climate change impacts on
maritime mountain snowpack in the Oregon Cascades. Hydrol. Earth Syst. Sci. 17,
2581–2597. http://dx.doi.org/10.5194/hess-17-2581-2013.

St Clair, B.J., Howe, G.T., 2007. Genetic maladaptation of coastal Douglas-fir seedlings to
future climates. Glob. Chang. Biol. 13 (7), 1441–1454. http://dx.doi.org/10.1111/j.
1365-2486.2007.01385.x.

Stewart, I.T., Cayan, D.R., Dettinger, M.D., 2005. Changes toward earlier streamflow
timing across western North America. J. Clim. 18, 1136–1155. http://dx.doi.org/10.
1175/JCLI3321.1.

Stone, J.K., Coop, L.B., Manter, D.K., 2008. Predicting effects of climate change on Swiss
needle cast disease severity in Pacific Northwest forests. Can. J. Plant Pathol. 30,
169–176. http://dx.doi.org/10.1080/07060661.2008.10540533.

Swanson, M.E., Franklin, J.F., Beschta, R.L., Crisafulli, C.M., DellaSala, D.A., Hutto, R.L.,
Lindenmeyer, D.B., Swanson, F.J., 2011. The forgotten stage of forest succession:
early-successional ecosystems on forest sites. Front. Ecol. Environ. 9 (2), 117–125.
http://dx.doi.org/10.1890/090157.

Swanson, M.E., Sudevant, N.M., Campbell, J.L., Donato, D.C., 2014. Biological associates
of early-seral pre-forest in the Pacific Northwest. For. Ecol. Manage. 324, 160–171.
http://dx.doi.org/10.1016/j.foreco.2014.03.046.

Swiss Needle Cast Cooperative (SNCC), 2017. 2016 Swiss Needle Cast Cooperative Annual
Report. Ritóková, G., Shaw, D. (Eds.) 69 pp.

Tepley, A.J., Swanson, F.J., Spies, T.A., 2013. Fire-mediated pathways of stand devel-
opment in Douglas-fir/western hemlock forests of the Pacific Northwest, USA.
Ecology 94 (8), 1729–1743. http://dx.doi.org/10.1890/12-1506.1.

Tepley, A.J., Swanson, F.J., Spies, T.A., 2014. Post-fire tree establishment and early co-
hort development in conifer forests of the western Cascades of Oregon, USA.
Ecosphere 5 (7), 80. http://dx.doi.org/10.1890/ES14-00112.1.

Terrer, C., Vicca, S., Hungate, B.A., Phillips, R.P., Prentice, I.C., 2016. Mycorrhizal as-
sociation as a primary control of the CO2 fertilization effect. Science 353 (6294),
72–74. http://dx.doi.org/10.1126/science.aaf4610.

Thies, W.G., Sturrock, R.N., 1995. Laminated root rot in western North America. General
Technical Report PNW-GTR-349, USDA Forest Service, Pacific Northwest Research
Station, Portland, Oregon. In cooperation with: Natural Resources Canada, Canadian
Forest Service, Pacific Forestry Centre.

Thies, W.G., Westlind, D.J., 2005. Stump removal and fertilization of five Phellinus weirii-
infested stands in Washington and Oregon affect mortality and growth of planted
Douglas-fir 25 years after treatment. For. Ecol. Manage. 219 (2–3), 242–258. http://
dx.doi.org/10.1016/j.foreco.2005.08.050.

Thomas, J.W., Franklin, J.F., Gordon, J., Johnson, K.N., 2006. The Northwest Forest Plan:
origins, components, implementation experience, and suggestions for change.
Conserv. Biol. 20 (2), 277–287. http://dx.doi.org/10.1111/j.1523-1739.2006.
00385.x.

Thompson, J.R., Spies, T.A., Ganio, L.M., 2007. Reburn severity in managed and un-
managed vegetation in a large wildfire. Proc. Natl. Acad. Sci. 104 (25),
10743–10748. http://dx.doi.org/10.1073/pnas.0700229104.

Trujillo, E., Molotch, N.P., 2014. Snowpack regimes of the western United States. Water
Resour. Res. 50 (7), 5611–5623. http://dx.doi.org/10.1002/2013WR014753.

van Mantgem, P.J., Stephenson, N.L., Byrne, J.C., Daniels, L.D., Franklin, J.F., Fulé, P.Z.,
Harmon, M.E., Larson, A.J., Smith, J.M., Taylor, A.H., Veblen, T.T., 2009.
Widespread increase of tree mortality rates in the western United States. Science 323
(5913), 521–524. http://dx.doi.org/10.1126/science.1165000.

Wahid, A., Gelani, S., Ashraf, M., Foolad, M.R., 2007. Heat tolerance in plants: an
overview. Environ. Exp. Bot. 61 (3), 199–223. http://dx.doi.org/10.1016/j.
envexpbot.2007.05.011.

Wang, T., Hamann, A., Yanchuk, A., O’Neill, G.A., Aitken, S.N., 2006. Use of response
functions in selecting lodgepole pine populations for future climates. Glob. Chang.
Biol. 12 (12), 2404–2416. http://dx.doi.org/10.1111/j.1365-2486.2006.01271.x.

Waring, R.H., Franklin, J.F., 1979. Evergreen coniferous forests of the Pacific Northwest.
Science 204 (4400), 1380–1386. http://dx.doi.org/10.1126/science.204.4400.1380.

Washington State Academy of Sciences, 2013. Opportunities for addressing laminated
root rot caused by Phellinus sulphuracens in Washington’s forests. A Report from the
Washington State Academy of Sciences in cooperation with the Washington State
Department of Natural Resources, Olympia, WA. http://www.washacad.org/ (ac-
cessed January 31 2017).

Watson, E., Luckman, B.H., 2002. The dendroclimatic signal in Douglas-fir and ponderosa
pine tree-ring chronologies from the southern Canadian Cordillera. Can. J. For. Res.
32 (10), 1858–1874. http://dx.doi.org/10.1139/x02-096.

Way, D.A., Oren, R., 2010. Differential responses to changes in growth temperature be-
tween trees from different functional groups and biomes: a review and synthesis of
data. Tree Physiol. 30 (6), 669–688. http://dx.doi.org/10.1093/treephys/tpq015.

Weed, A.S., Ayres, M.P., Hicke, J.A., 2013. Consequences of climate change for biotic

M.C. Agne et al. Forest Ecology and Management 409 (2018) 317–332

331

http://dx.doi.org/10.1139/x98-114
http://dx.doi.org/10.1139/b98-169
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0585
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0585
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0585
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0585
http://dx.doi.org/10.1007/s10021-004-0039-5
http://dx.doi.org/10.1139/x94-247
http://dx.doi.org/10.1139/x94-247
http://dx.doi.org/10.1093/treephys/23.4.237
http://dx.doi.org/10.1093/treephys/23.4.237
http://dx.doi.org/10.1139/X09-071
http://dx.doi.org/10.1023/A:1008017711917
http://dx.doi.org/10.3390/f7120310
http://dx.doi.org/10.1034/j.1600-0889.1992.t01-1-00001.x
http://dx.doi.org/10.1034/j.1600-0889.1992.t01-1-00001.x
http://dx.doi.org/10.3389/fpls.2016.00734
http://dx.doi.org/10.1073/pnas.1602384113
http://dx.doi.org/10.3390/f7080155
http://dx.doi.org/10.1029/2011JG001695
http://dx.doi.org/10.1029/2011JG001695
http://dx.doi.org/10.1094/PHYTO.2003.93.7.790
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0655
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0655
http://dx.doi.org/10.2307/1941929
http://dx.doi.org/10.1007/s00382-016-3418-7
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0675
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0675
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0675
http://dx.doi.org/10.1111/pce.12256
http://dx.doi.org/10.1093/treephys/tpr143
http://dx.doi.org/10.1046/j.1365-2486.2002.00513.x
http://dx.doi.org/10.1046/j.1365-2486.2002.00513.x
http://dx.doi.org/10.1111/1365-2664.12511
http://dx.doi.org/10.1007/s10980-016-0460-0
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0705
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0705
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0705
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0710
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0710
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0710
http://dx.doi.org/10.1016/j.foreco.2016.07.046
http://dx.doi.org/10.1016/j.foreco.2016.07.046
http://dx.doi.org/10.1007/s10980-010-9483-0
http://dx.doi.org/10.4296/cwrj2804673
http://dx.doi.org/10.4296/cwrj2804673
http://dx.doi.org/10.5194/hess-17-2581-2013
http://dx.doi.org/10.1111/j.1365-2486.2007.01385.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01385.x
http://dx.doi.org/10.1175/JCLI3321.1
http://dx.doi.org/10.1175/JCLI3321.1
http://dx.doi.org/10.1080/07060661.2008.10540533
http://dx.doi.org/10.1890/090157
http://dx.doi.org/10.1016/j.foreco.2014.03.046
http://dx.doi.org/10.1890/12-1506.1
http://dx.doi.org/10.1890/ES14-00112.1
http://dx.doi.org/10.1126/science.aaf4610
http://dx.doi.org/10.1016/j.foreco.2005.08.050
http://dx.doi.org/10.1016/j.foreco.2005.08.050
http://dx.doi.org/10.1111/j.1523-1739.2006.00385.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00385.x
http://dx.doi.org/10.1073/pnas.0700229104
http://dx.doi.org/10.1002/2013WR014753
http://dx.doi.org/10.1126/science.1165000
http://dx.doi.org/10.1016/j.envexpbot.2007.05.011
http://dx.doi.org/10.1016/j.envexpbot.2007.05.011
http://dx.doi.org/10.1111/j.1365-2486.2006.01271.x
http://dx.doi.org/10.1126/science.204.4400.1380
http://www.washacad.org/
http://dx.doi.org/10.1139/x02-096
http://dx.doi.org/10.1093/treephys/tpq015


disturbances in North American forests. Ecol. Monogr. 83 (4), 441–470. http://dx.
doi.org/10.1890/13-0160.1.

Weisberg, P.J., Swanson, F.J., 2003. Regional synchroneity in fire regimes of western
Oregon and Washington. USA. For. Ecol. Manage. 172 (1), 17–28. http://dx.doi.org/
10.1016/S0378-1127(01)00805-2.

Western, A.W., Grayson, R.B., Blöschl, G., Willgoose, G.R., McMahon, T.A., 1999.
Observed spatial organization of soil moisture and its relation to terrain indices.
Water Resour. Res. 35 (3), 797–810. http://dx.doi.org/10.1029/1998WR900065.

Wimberly, M.C., Spies, T.A., 2001. Influence of environment and disturbance on forest
patterns in coastal Oregon watersheds. Ecology 82 (5), 1443–1459. http://dx.doi.
org/10.1890/0012-9658(2001) 082[1443:IOEADO]2.0.CO;2.

Witcosky, J.J., Hansen, E.M., 1985. Root-colonizing insects recovered from Douglas-fir in
various stages of decline due to black-stain root disease. Phytopathology 75,
399–402.

Witcosky, J.J., Schowalter, T.D., Hansen, E.M., 1986. Hylastes nigrinus (Coleoptera:

Scolytidae), Pissodes fasciatus, and Steremnius carinatus (Coleoptera: Curculionidae) as
vectors of black-stain root disease of Douglas-fir. Environ. Entomol. 15, 1090–1095.

Zhang, Q.B., Hebda, R.J., 2004. Variation in radial growth patterns of Pseudotsuga men-
ziesii on the central coast of British Columbia. Canada. Can. J. For. Res. 34 (9),
1946–1954. http://dx.doi.org/10.1139/x04-078.

Zhao, J., Mainwaring, D.B., Maguire, D.A., Kanaskie, A., 2011. Regional and annual
trends in Douglas-fir foliage retention: correlations with climatic variables. For. Ecol.
Manage. 262 (9), 1872–1886. http://dx.doi.org/10.1016/j.foreco.2011.08.008.

Further reading

Kramer, P.J., 1983. Water Relations of Plants. Academic Press, New York.

M.C. Agne et al. Forest Ecology and Management 409 (2018) 317–332

332

http://dx.doi.org/10.1890/13-0160.1
http://dx.doi.org/10.1890/13-0160.1
http://dx.doi.org/10.1016/S0378-1127(01)00805-2
http://dx.doi.org/10.1016/S0378-1127(01)00805-2
http://dx.doi.org/10.1029/1998WR900065
http://dx.doi.org/10.1890/0012-9658(2001) 082[1443:IOEADO]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2001) 082[1443:IOEADO]2.0.CO;2
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0860
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0860
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0860
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0865
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0865
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0865
http://dx.doi.org/10.1139/x04-078
http://dx.doi.org/10.1016/j.foreco.2011.08.008
http://refhub.elsevier.com/S0378-1127(17)30692-8/h0430

	Interactions of predominant insects and diseases with climate change in Douglas-fir forests of western Oregon and Washington, U.S.A.
	Introduction
	Ecological setting
	Physiological response to water and temperature stress
	Biotic disturbance agents
	Laminated root rot
	Black stain root disease
	Swiss needle cast
	Douglas-fir beetle

	Predicted climate change impacts
	Hotter drier summers
	Warmer wetter winters
	Elevated atmospheric CO2
	Interacting effects with climate change

	Knowledge gaps
	How do biotic disturbance agents influence the fire regime in the Douglas-fir region, and how will these interactions change with global climate change?
	Will climate change lead to amplification of existing biotic disturbance agents or expansions of agents currently common in dry mixed-conifer forests of the Douglas-fir region?
	How does the interaction between climate and the disturbance regime influence ecosystem functioning and services? How will these change with altered disturbance regimes that are expected in the future?

	Conclusions
	Acknowledgements
	References
	Further reading




