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IV. Climate Impacts on Terrestrial Environments 

The responses of terrestrial ecosystems to a changing climate have many dimensions.141
 Key 

environmental consequences of climate change are increased temperature, longer growing seasons, less 

snow, and more frequent drought.
142

 Climate variability and climate changes alter the frequency, 

intensity, timing, and/or spatial extent of disturbances.
143

 Natural disturbances, impacted by climate, 

include insects, disease, introduced species, fires, droughts, hurricanes, landslides, wind storms, and ice 

storms.
144

 Climate change has directly affected and will continue to affect the global hydrologic cycle and 

thus the quality, quantity, and timing of streamflows from forests.
145

  

Natural disturbances are fundamental to ecosystem structure and function.
146

 As agents of change, shifting 

disturbance regimes and patterns could become as important as increasing temperatures and changing 

levels of precipitation.
147

 When ecosystems experience more than one disturbance, the compounded 

effects can lead to new domains (i.e., a new long-term condition resulting from a second disturbance 

occurring before a system has recovered from an initial disturbance event) or surprises.
148

 Under climate 

change, these compounded interactions may be unprecedented and unpredictable.
149

 They are likely to 

appear slowly and be difficult to detect because trees live for so long.
150

 Furthermore, climate change has 

been shown to exacerbate the effects of other stressors.
151

 

Based on a search of peer-reviewed studies, government reports, and publications from non-governmental 

organizations including global and regional synthesis reports (see Methodology), the following major 

climate-driven impacts on terrestrial ecosystems in the NPLCC region have been identified:  

1. Altered hydrology, fog regimes, and drought regimes 

2. Altered growing season and freeze and thaw patterns 

3. Altered fire regimes 

4. Altered insect, pathogen, and disease regimes 

5. Altered patterns of landslides, ice and wind storms, and avalanches 

                                                      
141

 Verbatim from Field et al. (2007, p. 2). Feedbacks of terrestrial ecosystems to climate change. 
142

 Verbatim from Ryan et al. (2012, p. 32) 
143

 Verbatim from Joyce et al. (2001, p. 499) 
144

 Verbatim from Joyce et al. (2001, p. 498) 
145

 Verbatim from Furniss et al. (2011, p. 12). Water, climate change, and forests: Watershed stewardship for a 

changing climate. 
146

 Verbatim from Pojar (2010, p. 21). Pojar cites Parminter (1998) for this information. 
147

 Verbatim from Pojar (2010, p. 25) 
148

 Nearly verbatim from Dale et al. (2008, p. 729). Dale et al. cite Paine et al. (1998) for this information. 
149

 Verbatim from Dale et al. (2008, p. 729) 
150

 Verbatim from Dale et al. (2008, p. 729) 
151

 Nearly verbatim from Staudt et al. (2012, p. 5-1) 



 

 
28 

These five impacts will be discussed in the order listed. The following structure will be used to discuss all 

impacts, with the exception of altered hydrology, fog regimes, and drought regimes, for which we focus 

on fog and drought regimes. Hydrologic impacts are summarized, and the reader is referred to a 

companion report for further detail: 

 Understanding the causes – a description of the physical, chemical, and/or biological dynamics 

and processes contributing to each impact, with the exception of the section on altered growing 

season and freeze and thaw patterns. 

 Observed Trends – observed changes, compared to the historical baseline, for southcentral and 

southeast Alaska, western British Columbia, western Washington, western Oregon, and northwest 

California. For context, summary information on observed changes globally or for western North 

America is also provided.  

 Future Projections – projected direction and/or magnitude of future change for southcentral and 

southeast Alaska, western British Columbia, western Washington, western Oregon, and northwest 

California. For context, summary information on future projections globally or for western North 

America is also provided. 

 Information Gaps – information and research needs identified in the literature, as well as our 

summary of the sections missing information in this chapter.  
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1. Altered hydrology, fog regimes, and drought regimes 

The key hydrologic changes for the NPLCC’s terrestrial ecosystems are reduced snowpack and earlier 

snowmelt, more intense rain, and increased drought. Observed trends and future projections for changes 

in snowpack, snowmelt, and intense rain are covered in a companion report and summarized in Box 3 and 

the sidebar below.
152

 Changes in fog and drought regimes are covered in this section.  

Water is essential for sustaining forest, stream, 

wetland, and lake ecosystems and a wide range of 

human activities.
153

 Climatic warming will affect 

forest ecosystems primarily through effects on 

precipitation (i.e., snow versus rain).
154

 

A climatic moisture deficit occurs when the monthly 

precipitation is less than the evaporative demand for 

the month; conversely, if precipitation is greater than 

the evaporative demand, a moisture surplus 

occurs.
155

 

Understanding forest water cycling, 

fog regimes, and drought regimes 

Climate change will have both indirect and direct 

effects on forest water cycling.
156

 Indirect effects are 

associated with changes in atmospheric CO2, 

increased temperature, altered soil water availability, 

climate-mediated changes in species composition, 

and changes in disturbance regimes or management 

and policy decisions that alter forest structure and 

composition (i.e., non-climate stressors).
157

 Indirect 

effects of climate change on forest water cycling 

work primarily through effects on forest evapotranspiration (ET), the combination of evaporation of water 

from plant and ground surfaces and transpiration.
158

 Besides elevated atmospheric CO2 concentration, 

some of the most important variables affecting forest ET are temperature, humidity, water availability, 

and species distributions.
159

 Direct effects are associated with more rainfall and more intense storms.
160

 

These in turn increase base flows in streams (particularly intermittent streams), increase flood risk, 

                                                      
152

 Tillmann & Siemann (2011b) 
153

 Verbatim from B.C. Ministry of Forests, Mines, and Lands (2010, p. 97) 
154

 Nearly verbatim from Vose et al. (2012, p. vi). Effects of climatic variability and change on forest ecosystems: a 

comprehensive science synthesis for the U.S. forest sector. 
155

 Verbatim from Pike et al. (2010, p. 713) 
156

 Verbatim from Ryan et al. (2012, p. 47). Effects of climatic variability and change. 
157

 Nearly verbatim from Ryan et al. (2012, p. 47) 
158

 Verbatim from Ryan et al. (2012, p. 47) 
159

 Verbatim from Ryan et al. (2012, p. 47) 
160

 Nearly verbatim from Ryan et al. (2012, p. 47) 

Summary: Snowpack, Snowmelt, and 

Intense Rain 

Increasing winter temperatures are expected to 
reduce snowpack and snowmelt as more rain 
than snow falls, particularly at low- to mid-
elevations in the southern NPLCC region. 
While annual precipitation may not change 
significantly, more cool season and less warm 
season precipitation is projected, with more 
intense rainfall possible. These shifts alter 
forest water cycles and soil regimes, for 
example by increasing summer drought stress, 
altering evapotranspiration, increasing nutrient 
loss during more intense rain and runoff 
events, altering soil moisture and snow 
insulation, and altering erosion, landslide, and 
avalanche patterns. 

Sources: Allan et al. (2010); Coxson & Curteanu 
(2002); Dale et al. (2008); Grimm et al. (2012); 
Peng et al. (2008); Peterman & Bachelet (2012); 
Ryan et al. (2012); Tillmann & Siemann (2011b) 
and many references therein; USGS (2002) 
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accelerate erosion, and increase the potential for both landslides and increased interstorm periods and 

drought, along with climate-related changes in infiltration rate owing to extreme wildfire.
161

  

Low-altitude fog and clouds provide important terrestrial water subsidies to many ecosystems around the 

world including neotropical montane cloud forests and coastal grasslands and forests of the western 

United States.
162

 By reducing transpiration rates, low clouds provide an atmospheric mechanism for 

redwood water conservation during the dry summer season.
163

 The most likely effect of fog decline is a 

heightened drought sensitivity for coastally restricted plants.
164

 In these ecosystems and others (i.e., 

neotropical montane cloud forests, western U.S. coastal grasslands and forests), plants gain access to fog 

and cloud moisture through root uptake of coalesced water that drips to the soil or by direct foliar uptake 

of water retained by the plant crowns following interception.
165

 Unlike root uptake of water that occurs 

only when significant fog or cloud inundation causes drip to the soil, foliar uptake allows plants to 

immediately capture any atmospheric water subsidy that wets foliage but may otherwise never reach the 

ground.
166

  

Increases in the frequency, duration, and/or severity of drought and heat stress associated with climate 

change could fundamentally alter the composition, structure, and biogeography of forests in many 

regions.
167

 Droughts occur in nearly all forest ecosystems.
168

 Drought is a critical predisposing factor that 

leads to both wildfires and major insect outbreaks.
169

 Drought effects are influenced by soil texture and 

depth, exposure, species present, life stage, and the frequency, duration, and severity of drought.
170

 The 

primary immediate response of trees to drought is to reduce net primary production (NPP) and water use, 

which are both driven by reduced soil moisture and stomatal conductance.
171

 Under extended severe 

drought conditions, plants die.
172

 Seedlings and saplings usually die first and can succumb under 

moderate drought conditions.
 173

 Deep rooting, stored carbohydrates, and nutrients in large trees make 

them susceptible only to longer, more severe droughts.
174

 Secondary effects also occur.
175

 When 

reductions in NPP are extreme or sustained over multiple growing seasons, increased susceptibility to 

                                                      
161

 Verbatim from Ryan et al. (2012, p. 47) 
162

 Verbatim from Limm & Dawson (2010, p. 1121). Polystichum munitum (Dryopteridaceae) varies geographically 

in its capacity to absorb fog water by foliar uptake within the redwood forest ecosystem. Limm & Dawson cite 

Grubb & Whitmore (1966), Cavelier & Goldstein (1989), Cavelier et al. (1996), and Holder (2004) for information 

on neotropical montane cloud forests and Azevedo & Morgan (1974), Ingraham & Matthews (1995), Corbin et al. 

(2005), Williams et al. (2008), Fischer et al. (2009), and Ewing et al. (2009) for information on the western United 

States. 
163

 Verbatim from Johnstone & Dawson (2010, p. 4537). Climatic context and ecological implications of summer 

fog decline in the coast redwood region. 
164

 Verbatim from Johnstone & Dawson (2010, p. 4537). Johnstone & Dawson cite Fischer et al. (2009) for this 

information. 
165

 Verbatim from Limm & Dawson (2010, p. 1121) 
166

 Verbatim from Limm & Dawson (2010, p. 1121). Limm & Dawson cite Múnne-Bosch (2009) for this 

information. 
167

 Verbatim from Allan et al. (2010, p. 660) 
168

 Verbatim from Joyce et al. (2001, p. 501). Joyce et al. cite Hanson and Weltzin (2000) for this information. 
169

 Verbatim from Shafer et al. (2010, p. 186) 
170

 Verbatim from Dale et al. (2008, p. 727). Climate change and forest disturbances. 
171

 Verbatim from Joyce et al. (2001, p. 501)  
172

 Verbatim from Joyce et al. (2001, p. 501)  
173

 Verbatim from Joyce et al. (2001, p. 501)  
174

 Verbatim from Joyce et al. (2001, p. 501)  
175

 Verbatim from Dale et al. (2008, p. 727) 
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insects or disease is possible, especially in dense stands.
176

 Drought can also reduce decomposition 

processes leading to a buildup of organic matter on the forest floor.
177

 The consequences of a changing 

drought regime depend on annual and seasonal changes in climate and whether a plant’s current drought 

adaptations offer resistance and resilience to new conditions.
178

 Elevated CO2 concentrations may 

increase a plant’s water-use efficiency, which in turn may enhance its tolerance of drought conditions.
179

 

Alternatively, a small increase in growing season temperature could increase evaporative demand, 

triggering moisture stress.
180

 Further, if high temperature coincides with drought stress in forests, carbon 

starvation and mortality can occur more quickly than if these factors did not coincide.
181

 

Observed Trends 

Global 

Although episodic mortality occurs in the absence of climate change, studies suggest that at least some of 

the world's forested ecosystems already may be responding to climate change and raise concern that 

forests may become increasingly vulnerable to higher background tree mortality rates and die-off in 

response to future warming and drought, even in environments that are not normally considered water-

limited.
182

 

Western North America 

In places in the U.S. with seasonal snowpack, there is high certainty that warming has caused profound 

changes in snowpack, seasonality of discharge, and frequency of soil freezing, with profound 

consequences for both terrestrial and aquatic ecosystems.
183

 

Southcentral and Southeast Alaska 

For most of Alaska, water lost through potential evapotranspiration typically exceeds the rate of incoming 

precipitation during the peak of the growing season, leading to an overall water deficit during this time.
184

  

Western British Columbia 

Under current climatic conditions, the coastal zones (i.e., Coastal Western Hemlock) experience little or 

no drought throughout the year.
185

 The eastside of Vancouver Island (i.e., the Coastal Douglas-fir zone) 

and the more inland areas of the Mountain Hemlock zone exhibit some areas with drought stress.
186

 

                                                      
176

 Verbatim from Joyce et al. (2001, p. 501). Joyce et al. cite Negron (1998) for this information.  
177

 Verbatim from Joyce et al. (2001, p. 501)  
178

 Verbatim from Joyce et al. (2001, p. 501)  
179

 Verbatim from Shafer et al. (2011, p. 213). Shafer et al. cite Polley (1997) for this information. 
180

 Verbatim from Dale et al. (2008, p. 727) 
181

 Verbatim from Ryan et al. (2012, p. 49). Ryan et al. cite Adams et al. (2009) for this information. 
182

 Nearly verbatim from Allen et al. (2010, p. 660). A global overview of drought and heat-induced tree mortality 

reveals emerging climate change risks for forests. 
183

 Nearly verbatim from Grimm et al. (2012, p. 3-31). Impacts of climate change on ecosystem structure and 

functioning. 
184

 Verbatim from O’Brien & Loya (n.d., p. 2). Climate Change Impacts on Water Availability in Alaska. O’Brien & 

Loya refer the reader to Figure 1a in the cited report for this information. 
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At two locations on the east coast of Vancouver Island in predominantly Douglas-fir forests from 1951 to 

2002, the soil water storage capacity varied from 3.1 inches (78 millimeters, mm) at the poorest site to 

10.2 inches (260 mm) at the best site.
187

 Thus, summer water availability (May to July rainfall plus 60% 

of the water storage capacity of the root zone) ranged from 6.89 to 11.6 inches (175 to 295 mm) for the 

sites investigated.
188

 The calculated May to July potential evaporation for 1951 to 2002 varied from a low 

of 6.02 inches (153 mm) in 1993 to a high of 11.0 inches (279 mm) in 1951, with a mean of 8.58 ± 1.1 

inches (218 ± 28 mm).
189

 The better the growing site, the smaller the number of years when the 

evaporative demand is greater than summer water availability and the smaller the number of years with 

soil water restrictions to evaporation in early summer.
190

 For example, sites with shallower root zones 

were frequently under moisture stress early in the summer and this was reflected in lower growth.
191

 

Pacific Northwest 

Large annual snowfall levels in the maritime climate of the west slope of the Washington-Oregon 

Cascades and British Columbia-Alaska Coast Mountains depresses snowline and results in a wide 

distribution of alpine and subalpine vegetation.
192

 

Northwest California 

Fog is clearly a dominant climatic factor on the California coast, and long-term reductions likely have and 

may continue to impact the water and carbon economy of redwoods and other coastal endemic species.
193

 

Based on direct hourly measurements of cloud ceiling heights from 1951 to 2008 from central Oregon to 

southern California, fog frequency (i.e., the summer daily average computed from hourly records at two 

stations) is greatest (40-44%) in northern and central California and declines below 30% toward Oregon 

and southern California.
194

 By using a long-term index of daily maximum land temperatures, Johnstone & 

Dawson (2010) infer a 33% reduction in fog frequency since the early 20
th
 century.

195
 More specific 

information on historical fog variability is also available:  

 From 1951 to 1975, fog frequency varied around a mean of 44%, followed by a gradual decline 

through the 1980s and 1990s culminating in a record minimum of 27% in 1997.
196

 The past 

decade has seen a partial recovery to pre-1977 levels with an average frequency of 42%.
197

  

                                                                                                                                                                           
185

 Verbatim from Coops et al. (2010, p. 519). Assessing the impact of current and projected climates on Douglas-fir 

productivity in British Columbia, Canada, using a process-based model (3-PG). 
186

 Verbatim from Coops et al. (2010, p. 519). Coops et al. refer the reader to Figures 4C and 4D in the cited article 

for this information. 
187

 Nearly verbatim from Spittlehouse (2003, p. 679). Water availability, climate change and the growth of Douglas-

fir in the Georgia Basin. 
188

 Nearly verbatim from Spittlehouse (2003, p. 673) 
189

 Nearly verbatim from Spittlehouse (2003, p. 680). Spittlehouse refers the reader to Figure 1 in the cited article for 

this information. 
190

 Verbatim from Spittlehouse (2003, p. 680) 
191

 Nearly verbatim from Spittlehouse (2003, p. 683) 
192

 Verbatim from Rochefort et al. (2006, p. 245) 
193

 Verbatim from Johnstone & Dawson (2010, p. 4537) 
194

 Nearly verbatim from Johnstone & Dawson (2010, p. 4534) 
195

 Verbatim from Johnstone & Dawson (2010, p. 4533) 
196

 Verbatim from Johnstone & Dawson (2010, p. 4535) 
197

 Verbatim from Johnstone & Dawson (2010, p. 4535) 
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 Hourly summer averages indicate that nighttime fog is approximately twice as common as its 

daytime occurrence.
198

 

 Seasonally, fog frequency reaches a maximum in early August, with greatest occurrence from 

June through September.
199

 

 In summers of extreme anomalies, fog was present 62% of the time in 1951, a frequency 2.3 

times greater than the 1997 minimum.
200

 From 10:00 AM to 9:00 PM local time, the summer of 

1951 was fog-free only 13 of 122 days, compared to 62 fogless days in 1997.
201

 

These conclusions differ from those reached by observational and modeling studies suggesting increases 

in northern California coastal fog in response to enhanced greenhouse forcing.
202

 These observational and 

modeling studies have proposed that disproportionate radiative heating over interior land areas might lead 

to increases in the ocean-land pressure gradient and therefore stronger upwelling winds and greater fog 

frequency.
203

 However, as described in the bullets above, Johnstone & Dawson (2010) find direct 

evidence for moderate fog reductions since 1951, with interannual and multidecadal variations governed 

largely by ocean-atmosphere circulation and temperature anomalies related to the PDO.
204

 For example, 

Johnstone & Dawson’s (2010) results show a strong positive relationship between northern California fog 

and upwelling-favorable winds over the northern limb of the California Current.
205

 

In another study, 34%, on average, of the annual hydrologic input to a northern California coast redwood 

forest was from fog drip off the redwood trees themselves (interception input) (study period: 1992-

1994).
206

 When trees were absent, the average annual input from fog was only 17%, demonstrating that 

the trees significantly influence the magnitude of fog water input to the ecosystem.
207

 In summer, when 

fog was most frequent, approximately 19% of the water within coast redwood, and approximately 66% of 

the water within the understory plants came from fog after it had dripped from tree foliage into the soil; 

for coast redwood, this fog water input comprised 13–45% of its annual transpiration.
208

 

                                                      
198

 Verbatim from Johnstone & Dawson (2010, p. 4534). Johnstone & Dawson refer the reader to Figure S1 in the 

cited article for this information. 
199

 Verbatim from Johnstone & Dawson (2010, p. 4534). Johnstone & Dawson refer the reader to Figure S2 in the 

cited article for this information. 
200

 Nearly verbatim from Johnstone & Dawson (2010, p. 4535). Johnstone & Dawson refer the reader to Figures 2A 

and 2B in the cited article for this information. 
201

 Nearly verbatim from Johnstone & Dawson (2010, p. 4535) 
202

 Verbatim from Johnstone & Dawson (2010, p. 4537). Johnston & Dawson cite Bakun (1990) and Lebassi et al. 

(2009) for information on observational studies and Diffenbaugh et al. (2004) and Snyder et al. (2003) for 

information on modeling studies. 
203

 Nearly verbatim from Johnstone & Dawson (2010, p. 4537) 
204

 Verbatim from Johnstone & Dawson (2010, p. 4537) 
205

 Nearly verbatim from Johnstone & Dawson (2010, p. 4537) 
206

 Nearly verbatim from Dawson (1998, p. 476). Fog in the California redwood forest: ecosystem inputs and use by 

plants. 
207

 Verbatim from Dawson (1998, p. 476) 
208

 Verbatim from Dawson (1998, p. 476) 
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Future Projections 

Global 

If the recent increase in mortality reports is indeed driven in part by global climate change, far greater 

chronic forest stress and mortality risk should be expected in coming decades due to the large increases in 

mean temperature and significant long-term regional drying projected in some places by 2100, in addition 

to projected increases in the frequency of extreme events such as severe droughts, hot extremes, and heat 

waves.
209

 

Western North America 

Forest ecosystems typically support high infiltration capacities because of large soil pores developed by 

root systems and soil fauna, so surface runoff is not common compared to other land cover.
210

 However, 

high-intensity precipitation or snowmelt events can rapidly move water in the soil to the unsaturated zone 

or ground water, or into the local stream, particularly in steep terrain.
211

 Increases in storm intensity 

projected for the future may increase peak streamflow and flooding through this process.
212

 In addition, 

increased flooding, erosion, and movement of sediment into streams will be caused by higher rain to snow 

ratios in mountainous regions (western mountains).
213

 Increased drought will exacerbate stress complexes 

that include insects, fire, and invasive species, leading to higher tree mortality, slow regeneration in some 

species, and altered species assemblages.
214

 

Although the effects of elevated CO2 on evapotranspiration remain uncertain, studies agree that the direct 

effects will be modest (±10 percent; study baselines and time periods not provided) compared to the 

changes expected for other variables that affect evapotranspiration, such as precipitation variability.
215

 

Spatially, springtime evapotranspiration in the lower latitudes could be delayed (i.e., come later in the 

season) while evapotranspiration in the higher latitudes could be advanced (i.e., come earlier in the 

season).
216

 However, the potential increase in evapotranspiration owing to a lengthened growing season 

can be constrained by the water availability and drought that often arise late in the growing season.
217

 

Water limitations are a direct control on evapotranspiration (lower water availability reduces 

transpiration), and many regions of the United States have experienced more frequent precipitation 

extremes, including droughts, over the last 50 years.
218

 Evapotranspiration will also change with changes 

in canopy density, canopy composition, water demand, and resulting energy partitioning in new 

                                                      
209

 Verbatim from Allen et al. (2010, p. 670). Allan et al. cite IPCC (2007a), Jentsch et al. (2007), and Sterl et al. 

(2008) for this information. 
210

 Verbatim from Ryan et al. (2012, p. 50) 
211

 Verbatim from Ryan et al. (2012, p. 50). Ryan et al. cite Brooks et al. (2011), Laio et al. (2001), Troch et al. 

(2009), and Hwang et al. (n.d.) for this information. 
212

 Verbatim from Ryan et al. (2012, p. 50) 
213

 Nearly verbatim from Vose et al. (2012, p. v) 
214

 Verbatim from Vose et al. (2012, p. v) 
215

 Verbatim from Ryan et al. (2012, p. 48). Ryan et al. cite Leuzinger & Korner (2010) for information on other 

variables affecting evapotranspiration. 
216

 Nearly verbatim from Ryan et al. (2012, p. 48) 
217

 Nearly verbatim from Ryan et al. (2012, p. 48). Ryan et al. cite Zhao & Running (2010) for this information. 
218

 Verbatim from Ryan et al. (2012, p. 48). Ryan et al. cite Easterling et al. (2000b), Groisman et al. (2004), 

Huntington (2006), and Solomon et al. (2007) for this information. 
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communities, which will occur in response to species changes that accompany climate change, especially 

if large areas of forests experience mortality.
219

 

Southcentral and Southeast Alaska 

In many areas the growing season will get longer as average spring and fall temperatures rise above 

freezing (see Chapter IV.2) for additional information on growing season).
220

 As a result, many areas are 

projected to undergo a transition from being non-evaporative environments (potential evapotranspiration, 

PET, equal to zero) to areas that are experiencing some amount of evaporation (PET>0) in the future.
221

 

By the end of the century most of Alaska south of the Brooks Range is expected to undergo this transition 

during the spring thaw, with only extremely high altitude areas remaining unaffected.
222

 

One analysis reveals that this water deficit (i.e., PET exceeding precipitation during the peak of the 

growing season) will become even greater in the future due to significant increases in PET without 

comparable increases in precipitation (2090-2099 vs. 1961-1990; Echam5, GFDL2.1, MIROC3.2MR, 

HadCM3, and CGCM3 run under A1B).
223

 Only the colder, high altitude areas of the Alaska Range, 

Chugach, and Wrangell Mountains are predicted to increase their water storage in June (Figure 5).
224

 

Western British Columbia 

On Vancouver Island, drought along the east coast is expected to increase with elevated temperature and 

no increase in precipitation.
225

  

In two locations on the east coast of Vancouver Island in forests currently dominated by Douglas-fir, 

climate change scenarios for a 1.8-7.2 °F (1-4 °C) increase in mean daily temperature resulted in a 3-10% 

increase in potential evaporation.
226

 The changes in potential evaporation are not large but combined with 

a reduction in rainfall could result in a significant decrease in tree growth over time.
227

 The biggest impact 

of increased potential evaporation and decreased rainfall will be on sites with a low summer water 

availability that are already regularly under moisture stress.
228

 Sites that have a high summer water 

                                                      
219

 Verbatim from Ryan et al. (2012, p. 49). Ryan et al. cite Breshears et al. (2005) for this information. 
220

 Nearly verbatim from O’Brien & Loya (n.d., p. 3) 
221

 Nearly verbatim from O’Brien & Loya (n.d., p. 3). O’Brien & Loya refer the reader to Figures 2a and 2d in the 

cited report for information on non-evaporative environments. 
222

 Verbatim from O’Brien & Loya (n.d., p. 3). O’Brien & Loya refer the reader to Figure 2c in the cited report for 

this information. 
223

 Nearly verbatim from O’Brien & Loya (n.d., p. 2). 
224

 Verbatim from O’Brien & Loya (n.d., p. 2). 
225

 Verbatim from Coops et al. (2010, p. 519) 
226

 Nearly verbatim from Spittlehouse (2003, p. 683). Note: Regarding the methods used to calculate the projection, 

Spittlehouse states that climate change scenarios were based on the summary of the output from a number of GCM 

and emissions scenarios. Graphs of predicted changes in temperature versus precipitation on a seasonal basis for 

the grid cell containing the Georgia Basin were obtained from CICS (2003). The change in summer potential 

evaporation was determined by applying increases of 1.8-7.2 °F (1-4 °C) in the temperature and a 10% decrease or 

5% increase in precipitation to the May through September daily values of long-term weather data and 

recalculating evaporation. A 5% reduction in solar radiation was applied to the 7.2 °F (4 °C 0 increase calculation. 

The increase in mean May to September air temperature ranged from 1.8-3.6 °F (1-2 °C) in 2020 to 5.4-7.2 °F (3-4 

°C) by 2080. Source: Spittlehouse (2003, p. 678) 
227

 Verbatim from Spittlehouse (2003, p. 681) 
228

 Verbatim from Spittlehouse (2003, p. 683) 
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availability may have sufficient water storage capacity to meet the increased potential evaporative 

demand in most years.
229

 Specific results for Douglas-fir productivity and stand volume are available: 

 Douglas-fir productivity: The growth/available water relationship indicated that the productivity 

of Douglas-fir could decline by up to 30% in response to the increase in potential evaporation and 

this would be exacerbated by a reduction in summer precipitation.
230

  

 Stand volume: Change in water availability through a 10% reduction in rainfall or a 6% increase 

in potential evaporation over the life of the stand could result in a reduction in stand volume by 

up to 80 cubic meters per hectare at harvest, 10 to 30% of current merchantable volume.
231

 

 

Western Washington 

The area of Washington forest that is severely water-limited will likely increase (relative to 1970-1999) 

by 32% in the 2020s and an additional 12% increase in both the 2040s and the 2080s (all values relative 

                                                      
229

 Verbatim from Spittlehouse (2003, p. 683) 
230

 Verbatim from Spittlehouse (2003, p. 683) 
231

 Verbatim from Spittlehouse (2003, p. 673) 

Figure 5. June water availability (Precipitation-Potential Evapotranspiration, P-PET) over the course of 

the next century (a, b, c). Percent change in P-PET from historic values (e, f). 

Source: Reproduced from O’Brien & Loya (n.d., Figure 1, p. 2) by authors of this report. 
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to 20
th
 century water-limited forests) (Figure 38).

232
 These changes are projected to occur on the east side 

of the Cascade Mountains and west side of the Rocky Mountains in the northern part of the state.
233

 

Furthermore, analysis by Littell et al. (2010) of host vulnerability to mountain pine beetle identified a 

substantial change in the future average water deficit across all sites within the current range of lodgepole 

pine (Table 9).
234

 

Table 9. Expected water deficit and precipitation changes for six future scenarios and historical DAYMET-

based calculations in the lodgepole pine forests of Washington. 

Scenario Year Scenario Climate % Change from 1980-1999 

  

Mean water 

deficit 

inches (mm) 

Annual 

PPT* 

inches (mm) 

Summer PPT 

inches (mm) 

Mean 

water 

deficit 

 (%) 

Annual 

PPT 

 (%) 

Summer 

PPT 

(%) 

# Plots 

with deficit 

> 9.84 

inches  

(250 mm) 

A1B 

2020 5.59 (142) 48.90 (1242) 1.3 (34) +294 +132 +29 116 

2040 6.97 (177) 76.18 (1935) 0.67 (17) +367 +206 +15 228 

2080 8.23 (209) 111.5 (2831) 0.47 (12) +432 +302 +11 442 

B1 

2020 3.7 (93) 63.15 (1604) 3.5 (88) +193 +171 +75 27 

2040 4.49 (114) 69.13 (1756) 2.8 (70) +236 +187 +60 18 

2080 6.22 (158) 86.57 (2199) 1.1 (29) +326 +235 +25 116 

Historical 
2000-

2003 
3.8 (96) 30.2 (767) 2.4 (60) +199 +82 +51 33 

Historical 
1980-

1999 
1.9 (48) 36.9 (937) 4.65 (118) +100 +100 +100 2 

*PPT = precipitation 

Source: Reproduced from Littell et al. (2010, Table 2, p. 144) by authors of this report. 

 

Western Oregon 

Information needed. 

Northwest California 

Evidence from several different regions suggests that the major coastal upwelling systems of the world 

have been growing in upwelling intensity as greenhouse gases have accumulated in the earth’s 

atmosphere.
235

 Thus the cool foggy summer conditions that typify the coastlands of northern California 

and other similar upwelling regions might, under global warming, become even more pronounced.
236

 For 

additional information on coastal upwelling, please see a companion report to this one,
237

 as future 

projections for the magnitude and direction of coastal upwelling vary in the scientific literature. 

                                                      
232

 Verbatim from Littell et al. (2010, p. 138). Littell et al. refer the reader to Figure 3 in the cited article for this 

information. 
233

 Verbatim from Littell et al. (2010, p. 138) 
234

 Nearly verbatim from Littell et al. (2010, p. 143). Littell et al. refer the reader to Table 2 in the cited article for 

this information. 
235

 Verbatim from Bakun (1990, p. 198). Global climate change and intensification of coastal ocean upwelling. 
236

 Verbatim from Bakun (1990, p. 198) 
237

 Tillmann & Siemann (2011a) 
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Information Gaps 

Key information needs include more information on interactions among hydrology, climate change, 

disturbance and changing species composition and phenology, as well as better projections of future 

effects on hydrologic processes and water resources, which will require improved hydrologic models that 

can account for variation in species and stand structures, yet can be readily scaled to larger and more 

complex landscapes with mixed land uses.
238

 Short-term weather forecasts will be needed to predict 

drought occurrences for existing forests.
239

 To understand interactions between forest disturbance and 

management for drought, new field experiments could test forest sensitivity to specific climate-change 

projections in combination with changes in the concentration of atmospheric trace gases.
240

 

  

                                                      
238

 Nearly verbatim from Ryan et al. (2012, p. 50) 
239

 Verbatim from Dale et al. (2008, p. 731) 
240

 Nearly verbatim from Dale et al. (2008, p. 732) 
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2. Altered growing season, freeze and thaw patterns 

Increases in temperature lengthen the growing season in temperate or cold-deciduous systems.
241

 Changes 

in the timing and magnitude of summer drought will alter patterns of temperature and moisture within the 

growing season.
242

 In regions where drought stress is not important because of high levels of 

precipitation, or if increases in CO2 concentration increase water use efficiency and thus reduce water 

stress, longer growing seasons could result in increased growth.
243

 Where drought stress is important, a 

longer growing season may mean only that plant respiration exceeds photosynthesis for a longer time, 

which would result in reduced growth.
244

 

A longer growing season may increase the possibility of damage to trees from late frost events.
245

 Plant 

sensitivity to cold depends on both long-term historical climate, shaping evolutionary adaptation, and 

short-term weather events, influencing acclimation.
246

 Extreme cold can impact plant function in two 

main ways, either by damage to living tissues or by causing embolisms (air bubbles) in the water-

conducting xylem elements.
247

 While many plants avoid cold by dropping leaves or remaining dormant 

below ground, woody evergreens continue to function through both cold and dry unfavorable seasons.
248

  

Observed Trends 

Global 

Extension of the growing season (i.e., by up to 3.6 days per decade over the past 50 years in some areas) 

accords with the lengthening of 12 ± 4 days derived from satellite data as well as with an advance in the 

seasonal cycle by 7 days and an increase in amplitude of the annual CO2 cycle since the 1960s.
249

 For 

northern high latitudes (>47.5 °N), warming climate lengthens growing seasons, promoting plant 

growth.
250

  

 

 

 

                                                      
241

 Nearly verbatim from Aber et al. (2001, p. 737). Forest processes and global environmental change: predicting 

the effects of individual and multiple stressors. 
242

 Verbatim from Beedlow et al. (2013, p. 174) 
243

 Verbatim from Aber et al. (2001, p. 737) 
244

 Verbatim from Aber et al. (2001, p. 737) 
245

 Verbatim from Ryan et al. (2012, p. 44). Ryan et al. cite Augspurger (2009) and Gu et al. (2008) for this 

information. 
246

 Nearly verbatim from Ackerly (2012, p. 5) 
247

 Verbatim from Ackerly (2012, p. 5). Ackerly cites Sperry and Sullivan (1992), Davis et al. (1999), and Stuart 

(2007) for this information. 
248

 Verbatim from Ackerly (2012, p. 5) 
249

 Nearly verbatim from Walther et al. (2002, p. 389). Ecological responses to recent climate change. Walther et al. 

cite Myneni et al. (1997) for information on the satellite data and Keeling et al. (1996) for information on the 

advance in the seasonal cycle and increase in amplitude of the annual CO2 cycle. 
250

 Verbatim from Zhao & Running (2010, p. 941). Drought-induced reduction in global terrestrial net primary 

production from 2000 through 2009. Zhao et al. cite Chen et al. (2006) for this information. 
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Western North America 

The vegetation growing season, as defined by continuous frost‐free air temperatures, has increased by, on 

average, two days per decade since 1948 in the conterminous United States, with the largest change in the

 western United States and most of the increase from earlier warming in the spring (Figure 6).
251

 Global 

daily satellite data, available since 1981, have detected similar changes in earlier onset of spring 

“greenness” of 10-14 days in 19 years, particularly in temperate latitudes of the Northern Hemisphere.
252

 

For additional information on changes in the timing of seasonal events, please see Chapter VII.2. 

 

Southcentral and Southeast Alaska 

From 1972 to 2000 in Alaska, the duration of the snow-free period increased by 3 to 6 days per decade, 

and the first week in spring without snow cover shifted to 3 to 5 days earlier per decade.
253

 

In a study using microwave and optical remote sensing, the springtime thaw event extends over a 12-

week period from approximately 7 March (day 66) to 26 May (day 146), with generally earlier occurrence 

                                                      
251

 Verbatim from Running & Mills (2009, p. 7). Terrestrial Ecosystem Adaptation. Running & Mills cite Easterling 

(2002) and Feng & Hu (2004) for this information. Running & Mills also refer the reader to Figure 6 in the cited 

report for this information. 
252

 Verbatim from Running & Mills (2009, p. 7). Running & Mills cite Myneni (2001) and Lucht et al. (2002) for 

this information. 
253

 Verbatim from Jezierski et al. (2010, p. 6). Jezierski et al. cite Dye (2002) for this information. 

Figure 6. Trends in frost-free growing season length and phenological observation of bud burst. 

Source: Reproduced from Running & Mills (2009, Figure 6, p. 8) by authors of this report. Note: 

Running & Mills cite Cayan et al. (2001) for this figure. 
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at lower latitudes and elevations (study period: 1988-2000).
254

 Boreal forest and tundra areas show 

respective average thaw dates of approximately 12 April [day 102 ± 8.3 (s)] and 23 April [day 113 ± 5.6 

(s)], with considerable overlap among regional biomes.
255

 Mean annual variability in springtime thaw was 

on the order of ±7 days, with corresponding impacts to annual productivity of approximately 1% per 

day.
256

  

In another study, the growing season lengthened between 1.51 days per decade (in Talkeetna) and 6.97 

days per decade (in Yakutat) between 1949 and 1997 in the Maritime and Transitional Bioregion, which 

includes southcentral and southeast Alaska.
257

 Growing season lengthened by 2.62 days per decade in 

Anchorage from 1954-1997 and 6.54 days in Juneau from 1950-1997.
258

 

Western British Columbia 

Information needed. 

Western Washington 

Information needed. 

Western Oregon 

Information needed. 

Northwest California 

Information needed. 

Future Projections 

Global 

Climate warming because of an increase in the concentration of greenhouse gases in the atmosphere is 

expected to lengthen the growing season by advancing the date of leaf onset and delaying leaf offset.
259

 

An increase in the mean annual temperature of 1.8 °F (1 °C) is generally expected to lengthen the 

growing season by approximately 5–10 days in extratropical regions.
260

 In the northern high latitudes 

                                                      
254

 Nearly verbatim from Kimball et al. (2006, p. 8). Spring thaw and its effect on terrestrial vegetation productivity 

in the western Arctic observed from satellite microwave and optical remote sensing. 
255

 Verbatim from Kimball et al. (2006, p. 8) 
256

 Verbatim from Kimball et al. (2006, p. 2) 
257

 Nearly verbatim from Jezierski et al. (2010, p. 8). Jezierski et al. cite Keyser et al. (2000) for this information. 
258

 Keyser et al. (2000, Table 4, p. 191). Simulating the effects of climate change on the carbon balance of North 

American high-latitude forests. 
259

 Verbatim from Arora & Boer (2005, p. 39-40). Arora & Boer cite Ahas (1999), Beaubien & Freeland (2000), 

Schwartz & Reiter (2000), and Ahas et al. (2002) for information on the advances in the date of leaf onset. Arora & 

Boer cite Menzel & Fabian (1999), Chmielewski & Rötzer (2001), and Defila & Clot (2001) for information on 

delays in leaf offset. 
260

 Verbatim from Arora & Boer (2005, p. 40). Arora & Boer cite Matsumoto et al. (2003) and Norby et al. (2003) 

for this information. 
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(>47.5 °N), continuing warming may offset the benefits of an earlier spring and decrease carbon 

sequestration in a drier summer and warmer autumn.
261

 

 

Figure 7. Maps of the three bioclimatic variables: mean temperature of the coldest month (MTCOM) (top), growing 

degree days (GDD) (middle), and moisture index (bottom). The first panel in each row displays the bioclimatic 

variable derived from the modern observed 1951-80 climate data set. The following three panels in each row display 

the bioclimatic variable as calculated from each of the three future-climate scenario data sets (2090-99, 10-year 

mean, using scenarios generated by HADCM2, CGCM1, and CSIRO and assuming 1% per year compound increase 

in greenhouse gases and changes in sulfate aerosols based on IPCC IS92a scenario). Source: Reproduced from 

Shafer et al. (2001, Fig. 1, p. 204) by authors of this report. 

Western North America 

A shift of mean monthly temperatures from below to above freezing does not mean that freezing 

temperatures will no longer occur.
262

 However, such a shift will change the duration and magnitude of 

                                                      
261

 Nearly verbatim from Zhao & Running (2010, p. 941). Zhao et al. cite Angert et al. (2005) and Piao et al. (2008) 

for this information. 
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below-freezing temperatures, which will have significant impacts on many species in the western United 

States.
263

 

Southcentral and Southeast Alaska 

Growing season length is projected to increase, with the largest increase near coasts:
264

 

 2050: 10-20 days; and, 

 2100: 20-40 days
265

 

 Note: Projections from SNAP are compared to 1961-1990 climate normals (downscaled using 

PRISM to 2 km resolution) using the five best-performing GCMs of the fifteen used in the IPCC 

AR4 and run under the A1B scenario.
266

 

Western British Columbia 

By 2080, most of the biogeoclimatic zones in B.C. are predicted to experience longer growing seasons 

and more favorable temperatures for Douglas-fir (vs. 1961-1990 run with CGCM2 under A2x, an 

ensemble average of the three A2 runs).
267

  

Pacific Northwest 

Driving a shift of the potential ranges of species from west to east is the projected increase in the mean 

temperature of the coldest month from 0-9 °F (-18 to -13 °C) to 9-18 °F (-13 to -7.8 °C) along the Pacific 

Northwest coast by 2090-99 compared to 1950-1980 under three GCMs (HADCM2, CGCM1, CSIRO) 

and the IPCC IS92a scenario (Figure 7).
268

 Although increased temperatures may not affect some species, 

many Pacific Northwest tree species have a winter chilling requirement that is optimally achieved with 

temperatures at or below approximately 9 °F (-13 °C).
269

 Chilling requirements are found in many Pacific 

Northwest evergreen conifers, such as Douglas-fir and western hemlock.
270

  

Northwest California 

Warming leads to larger areas being relieved from freezing events under the higher emissions A2 

scenarios, compared to the B1 scenario (Figure 8; comparing 2070-2099 with 1971-2000 across four 

GCMs: CCSM3, CNRM, GFDL, and PCM1).
271

 Variation among the four GCMs is relatively minor.
272

  

                                                                                                                                                                           
262

 Verbatim from Shafer et al. (2001, p. 212) 
263

 Verbatim from Shafer et al. (2001, p. 212) 
264

 Wolken et al. (2011, Table 4, p. 19). Evidence and implications of recent and projected climate change in 

Alaska’s forest ecosystems. Wolken et al. cite Field & Mortsch (2007) and SNAP for this information. 
265

 Wolken et al. (2011, Table 4, p. 19). Wolken et al. cite Field & Mortsch (2007) and SNAP for this information. 
266

 Wolken et al. (2011, p. 5) 
267

 Nearly verbatim from Coops et al. (2010, p. 521) 
268

 Nearly verbatim from Shafer et al. (2001, p. 211). Shafer et al. refer the reader to Figure 1 in the cited article. 
269

 Nearly verbatim from Shafer et al. (2001, p. 211). Shafer et al. cite Kimmins and Lavender (1992) for this 

information. 
270

 Nearly verbatim from Shafer et al. (2001, p. 211). Shafer et al. cite McCreary and others (1990) for information 

on Douglas-fir and Nelson and Lavender (1979) for information on western hemlock. 
271

 Nearly verbatim from Ackerly (2012, p. 15). Ackerly refers the reader to Figures 6, 7, and A4-9 in the cited 

report for this information. 
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For northwest California: 

 A growing area of the northwest coast is projected to no longer experience freeze events (of < 14 

°F, < -10 °C at least once in 30 years) in the future.
273

  

 Furthermore at the annual time scale, with warming temperatures, narrow bands around the edges 

of the Mojave desert, along the western slope of the Sierra, and around the Klamath-Siskiyous, 

where such events (i.e., freezing events of < 14 °F, < -10 °C each year) have occurred 

historically, will no longer experience them each year.
274

 

Information Gaps 

Information on observed trends in growing season and freeze and thaw dates is needed throughout the 

NPLCC region. Information on future projections for freeze and thaw dates is needed for southcentral and 

southeast Alaska and western British Columbia. Future projections for growing season are also needed for 

western British Columbia. Future projections for growing season, freeze dates, and thaw dates is also 

needed in the Pacific Northwest, as the information presented here discusses winter chilling requirements 

for conifers. In addition, information on future projections for growing season and thaw dates is needed 

for northwest California.  

                                                                                                                                                                           
272

 Verbatim from Ackerly (2012, p. 15) 
273

 Nearly verbatim from Ackerly (2012, p. 15) 
274

 Nearly verbatim from Ackerly (2012, p. 15-16) 
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Figure 8. Changes in the distribution of freeze events occurring on average one or more times per year, from the 

1971-2000 historical period to the 2071-2100 future projections, for the CCSM3 GCM. (a, b, d): B1 emissions 

scenario; (c, e, f): A2 emissions scenario. (a-b): Freezing events less than critical temperature (Tcrit ) = 32 °F (0 °C); 

(c-d): Tcrit < 23 °F (-5 °C); (e-f): Tcrit < 14 °F (-10 °C). Blue areas have experienced a freeze less than the indicated 

Tcrit values in the past, and are projected to continue to experience these events in the future. Red areas have 

experienced these in the past, but are not projected to experience these in the future. Gray are areas that have not 

experienced a freeze at this temperature in the past, and will not in the future either. Source: Reproduced from 

Ackerly (2012, Figure 7, p. 17) by authors of this report. 
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3. Altered fire regimes 

Fire is a worldwide phenomenon that appears in the geological record soon after the appearance of 

terrestrial plants.
275

 Fire influences global ecosystem patterns and processes, including vegetation 

distribution and structure, the carbon cycle, and climate.
276

 Coastal temperate rainforests from southeast 

Alaska through to southern Oregon are ecologically distinct from forests of neighboring regions, which 

have a drier, or more continental, climate and disturbance regimes dominated by fires.
277

  

Fire regime refers to the characteristic role of fire in an ecosystem, especially the extent, intensity, and 

frequency of fires.
278

 The frequency, severity, and extent of wildfire are strongly related to climate.
279

 The 

interactions between climate and fire are complex.
280

 While the degree of influence by biophysical and 

eco-cultural controls over fire are far from clear, the basic understanding of the relationships between fire 

and climate suggest that burning over the next century may be altered due to three general factors:
281

  

1. Direct effects of changes in fire conditions such as drought, high temperatures, winds, and their 

seasonality.
282

 Warmer temperatures alone would lead to increased fire activity by reducing the 

moisture content of fuels and increasing litterfall caused by drought stress, as long as ignition 

sources were not limiting.
283

 A concurrent increase in precipitation amount and storm frequency 

may more than compensate for the increase in temperature by reducing flammability and also 

fostering changes to a less fire prone or drought sensitive vegetation cover.
284

 On the other hand, 

increased rainfall will enhance plant growth and fuel build-up, and an increase in storm frequency 

will enhance the opportunity for lightning (as described below).
285

 Different combinations of these 

factors can result in no change or even a decrease in predicted fire activity, and the exact effect of 

climate change on fire is likely to vary greatly regionally.
286

 For example, in mesic forest types 

(i.e., forest types of moderate moisture, common in the NPLCC region), dry and warm summers 

exert the strongest climatic influence on forest area burned, depleting fuel moisture and creating 

favorable conditions for fire spread.
287

 

                                                      
275

 Verbatim from Bowman et al. (2009, p. 481) 
276

 Verbatim from Bowman et al. (2009, p. 481) 
277

 Verbatim from Lertzman et al. (2002, p. 5). Long-term fire regime estimated from soil charcoal in coastal 

temperate rainforests. 
278

 Verbatim from CIG (2004, p. 1) 
279

 Verbatim from Peterson, Halofsky & Johnson. (2011, p. 249). Peterson, Halofsky & Johnson cite Swetnam & 

Betancourt (1990), Johnson & Wowchuk (1993), Stocks et al. (1998), Hessl et al. (2004), Gedalof et al. (2005), 

Heyerdahl et al. (2008), Skinner et al. (2008), Taylor et al. (2008), and Littell et al. (2009) for this information. 
280

 Verbatim from Bachelet et al. (2005, p. 2244) 
281

 Verbatim from Krawchuk & Moritz (2012, p. 1) 
282

 Verbatim from Krawchuk & Moritz (2012, p. 1) 
283

 Verbatim from Bachelet et al. (2005, p. 2244) 
284

 Verbatim from Bachelet et al. (2005, p. 2244-5). Bachelet et al. cite Bergeron et al. (2004) for this information. 
285

 Nearly verbatim from Bachelet et al. (2005, p. 2245). Bachelet et al. cite Lynch et al. (2004) for this information. 
286

 Verbatim from Bachelet et al. (2005, p. 2245) 
287

 Nearly verbatim from Shafer et al. (2010, p. 183). Shafer et al. cite Littell et al. (2009a) for this information. 
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2. An indirect effect on fire through vegetation – that is, by climate altering the structure and 

abundance of biomass to burn.
288

 Relationships between fire and climate are vegetation and fuel 

specific.
289

 Wet conditions during the growing season promote fuel – especially fine fuel (grasses, 

etc.) – production via the growth of vegetation, 

while dry conditions during and prior to the fire 

season increase the flammability of the live and 

dead vegetation that fuels wildfires.
290

 Since 

vegetation is expected to shift with climate 

change (altered disturbance regimes will 

themselves alter vegetation), it may then be 

expected that the relationship between fire and 

climate on a monthly or seasonal basis will 

change as well.
291

 In addition, fire mediates the 

responses of forests to climate change, either 

by accelerating species turnover or by selecting 

for fire-adapted species.
292

 In the same way, 

changes in species composition may alter fire 

occurrence by changing the concentration and 

arrangement of flammable fuels.
293

 

3. Through changes in ignition potential due to 

shifting spatial or temporal patterns of 

lightning and human behavior in response to 

factors such as climate policy and 

environmental management.
294

 

Understanding fire regimes in the 

NPLCC region 

Fire is a key Earth system process affecting 

ecosystems, land-surface properties, the carbon cycle, 

atmospheric chemistry, aerosols and human 

activities.
295

 Fire regimes are primarily a product of 

climate, vegetation, topography, and human activities 

– factors that interact in a variety of ways and on a 

range of spatial and temporal scales.
296

  

                                                      
288

 Verbatim from Krawchuk & Moritz (2012, p. 1) 
289

 Nearly verbatim from Hessl (2011, p. 395). Hessl cites Littell et al. (2009) for this information. 
290

 Verbatim from Westerling & Bryant (2008, S233) 
291

 Nearly verbatim from Hessl (2011, p. 395) 
292

 Verbatim from Gavin et al. (2007, p. 501). Gavin et al. cite Overpeck et al. (1990) for this information. 
293

 Verbatim from Gavin et al. (2007, p. 501). Gavin et al. cite Bond and Kelley (2005) for this information. 
294

 Verbatim from Krawchuk & Moritz (2012, p. 1) 
295

 Verbatim from Marlon et al. (2008, p. 697). Climate and human influences on global biomass burning over the 

past two millennia. 
296

 Verbatim from Marlon et al. (2012, p. E535). Long-term perspective on wildfires in the western USA. 

Key Terms in this Section  

Fire Regimes 

Extent: the area affected by a fire 

Frequency: the number of fires during a given 
amount of time, e.g., every 1000 years 

Fuel: potentially combustible materials, consisting of 
surface fuels (e.g., grass, dead leaves, needles) and 
ladder fuels that carry fire into the canopy (e.g., dead 
branches, moss, lichens). Fuels may be fine (e.g., dead 
leaves) or coarse (e.g., tree trunks), responding to 
changes in air moisture in hours or weeks, respectively. 

Fuel load: the amount of fuel available for ignition 

Intensity: also known as magnitude; the rate of heat 
release along a unit length of fireline, derived from the 
energy content of the fuel, the mass of fuel consumed, 
and the rate of spread of the fire; measured in kW m-1 

Patch size: the size of openings created by fire where 
post-fire regeneration is likely to occur and persist; 
tends to increase with fire severity 

Predictability: variation in fire frequency 

Return interval: the average number of years 
between consecutive fires in one location 

Seasonality: when fires occur during the year 

Severity: the degree to which a site has been altered 
by fire, typically classified as low, medium, or high 
severity; the effect of fire on plants. For trees, this is 
often measured as percentage of basal area removed. 

Sources: Agee (1993), Agee (1998), Bachelet et 
al. (2007) 
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Information on spatial scale interactions includes: 

 Climate: Different types of fire regimes are associated with different climates and forest types.
297

 

Climate influences fire at the broadest scales via the annual cycle, weather, and the distribution of 

vegetation (fuels).
298

 Fire frequency, size, intensity, seasonality, type, and severity are highly 

dependent on weather and climate.
299

 An individual fire results from the interaction of ignition 

agents (such as lightning, fuel conditions, and topography) and weather (including air 

temperature, relative humidity, wind velocity, and the amount and frequency of precipitation).
300

 

Drought increases the likelihood of fire, and over the course of decades or centuries, shifts in 

climate may shift fire regimes.
301

 

 Vegetation and topography: Topography, winds, and the type, distribution, and structure of 

vegetation become more important controls 

on fire at regional-to-local scales.
302

 Box 4 

provides information on the interactive 

effects of invasive and non-native plants on 

fire regimes. 

 Human activities: Humans have a broad 

influence on fire through intentional or 

accidental ignitions, exclusion (e.g., 

suppression and fuel alteration from 

grazing), and indirectly through climate 

change.
303

  

Climate, vegetation change, and human activities 

can influence fuels across a wide range of spatial 

and temporal scales resulting in several pathways of 

possible change in fire regimes.
304

 Information on 

the temporal scale interactions includes:  

 Short-term: Temperature, relative 

humidity, precipitation, and wind speed all 

influence how fires burn on short 

timescales by both influencing the 

condition of fuels and the amount of heat 

transfer required for combustion of those 

fuels.
305

  

                                                      
297

 Nearly verbatim from CIG (2004, p. 1) 
298

 Verbatim from Marlon et al. (2012, p. E535) 
299

 Verbatim from Joyce et al. (2001, p. 500) 
300

 Verbatim from Joyce et al. (2001, p. 500) 
301

 Verbatim from CIG (2004, p. 1) 
302

 Verbatim from Marlon et al. (2012, p. E535) 
303

 Verbatim from Marlon et al. (2012, p. E535) 
304

 Verbatim from Hessl (2011, p. 400) 
305

 Verbatim from Hessl (2011, p. 400). Hessl cites Albini (1976), Anderson (1982), and Rothermel (1983) for this 

information. 

More Key Terms in this Section  

Types of Fire 

Crown fire: a fire burning into the crowns of the 
vegetation, generally associated with an intense 
understory fire 

Prescribed fire: a fire ignited under known 
conditions of fuel, weather, and topography to achieve 
specified objectives 

Stand-replacing fire: a high-severity fire, 
specifically one that kills trees, thereby creating room 
for a new stand of trees to grow 

Surface fire: a fire burning along the surface without 
significant movement into the understory or overstory, 
with flame length usually less than 3.28 feet (1 m) 

Understory fire: a fire burning in the understory, 
more intense than a surface fire and with flame lengths 
of 3.28-9.84 feet (1-3 m) 

Wildfire: a fire that is not meeting land management 
objectives, may be naturally caused or caused by 
humans 

Sources: Agee (1993), Agee (1998), Bachelet et 

al. (2007) 
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 Mid-term (weeks to months): On the timescale of weeks to months, meteorological variables 

may influence the duration of the fire season, frequency of lightning ignitions, and the abundance 

of fine fuels.
306

  

 Long-term (years to decades): On the scale of years to decades, climate may influence fire 

regimes by altering net primary productivity, decomposition, vegetation structure, vegetation  

composition, density, fuel loading, and fuel connectivity across a landscape.
307

 Shifts between El 

Niño and La Niña phases or in the decadal-scale climate variability determine drought severity 

during a particular fire season or years, as well as the accumulation of fuels in previous years.
308

 

This alternation of wet and dry episodes has been shown to be important in shaping the fire 

regime of the last few centuries, especially in low-elevation conifer forests and grasslands.
309

 

 Very long-term (centuries or more): On century and longer time scales ( > 100 years), large-

scale changes in the climate system caused by variations in the seasonal cycle of insolation (i.e., 

the amount of solar radiation energy in a given area over a given period of time), atmospheric 

composition, and atmosphere-ocean interactions emerge as important controls of the fire 

regime.
310

 

                                                      
306

 Verbatim from Hessl (2011, p. 400). Hessl cites Goldammer & Price (1998) and Wotton & Flannigan (1993) for 

this information. 
307

 Verbatim from Hessl (2011, p. 400). Hessl cites Meyn et al. (2007) for this information. 
308

 Verbatim from Whitlock & Bartlein (2003, p. 483). Holocene fire activity as a record of past environmental 

change. 
309

 Verbatim from Whitlock & Bartlein (2003, p. 483). Whitlock & Bartlein cite Clark (1988c) and Grissino-Mayer 

& Swetnam (2000) for information on low-elevation conifer forests, and Clark et al. (2002) for information on 

grasslands. 
310

 Verbatim from Whitlock & Bartlein (2003, p. 483) 

Box 4. Interactive effects of invasive or non-native plants on fire regimes. 

Disturbance agents such as fire and invasive or non-native plants interact and affect each other in myriad 
ways. Plant invasions can alter fuel properties, which in turn can affect fire behavior and the overall fire 
regime. Over time, the fire regime may transition to a new state, which may or may not be stable.  

The most direct effects of newly established invasive or non-native plants on fire regimes include: 

 Alter plant tissue flammability & fuel load: Plants with lower moisture content or that dry quickly in 
less moist or humid conditions may be more flammable (e.g., grasses). Similarly, plants that decompose 
quickly or contain more volatile compounds may increase fuel load. Plants with higher moisture 
content, fewer volatile compounds, or that decompose more slowly may have the opposite effect. 

 Alter fuel continuity: Fuel continuity may be interrupted or enhanced by plant invaders depending on 
the type of plant and the existing fire regime. For example, tree invasion of prairie grassland would 
decrease horizontal continuity by interrupting the grassy landscape, but could increase vertical 
continuity as crown fuels become more continuous. If tree invasion increases over time, the fire regime 
could shift from frequent, low severity surface fires to mixed regimes of surface and crown fires to less 
frequent, higher severity crown fires. 

 Alter packing ratio (i.e., a measure of fuel bed compactness): A less densely packed fuel load, such as 
occurs when shrubs invade grasslands, may reduce fire risk. A more densely packed fuel load increases 
fire risk. However, very dense fuel loads may inhibit combustion under normal conditions or result in a 
more severe fire under extreme weather conditions (e.g., very dry). 

Source: Brooks et al. (2004) 
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Observed Trends 

Global 

Using a hybrid, global, monthly burned area dataset, Giglio et al. (2010) estimated the global annual 

burned area for the years 1997-2008 to vary between 815 million acres and 1065 million acres (330 and 

431 million hectares), with the maximum occurring in 1998 and the minimum in 2008 (Table 10).
311

  

Table 10. 1997-2008 estimated annual area burned globally and in North America. 

Million acres with million hectares in parentheses 

 Boreal North America Temperate North America Global 

Value % of Global Value % of Global Value 

1997 
2.2 

(0.9) 
0.25 

1.2 

(0.5) 
0.14 

888.6 

(359.6) 

1998 
11 

(4.5) 
1.0 

2.7 

(1.1) 
0.26 

1066 

(431.2) 

1999 
3.7 

(1.5) 
0.37 

4.4 

(1.8) 
0.44 

1010 

(408.7) 

2000 
1.7 

(0.7) 
0.18 

5.4 

(2.2) 
0.56 

973.1 

(393.8) 

2001 
0.7 

(0.3) 
0.081 

3.0 

(1.2) 
0.32 

919.5 

(372.1) 

2002 
7.9 

(3.2) 
0.83 

3.5 

(1.4) 
0.36 

952.8 

(385.6) 

2003 
4.9 

(2.0) 
0.58 

3.2 

(1.3) 
0.38 

854.0 

(345.6) 

2004 
12 

(5.0) 
1.4 

1.7 

(0.7) 
0.19 

897.0 

(363.0) 

2005 
7.2 

(2.9) 
0.81 

4.2 

(1.7) 
0.48 

881.4 

(356.7) 

2006 
4.7 

(1.9) 
0.56 

5.9 

(2.4) 
0.70 

845.1 

(342.0) 

2007 
3.7 

(1.5) 
0.41 

6.7 

(2.7) 
0.74 

905.1 

(366.3) 

2008 
3.5 

(1.4) 
0.42 

3.7 

(1.5) 
0.45 

814.7 

(329.7) 

Mean  

(1997-2008) 

5.4 

(2.2) 
0.59 

3.7 

(1.5) 
0.40 

917.3 

(371.2) 

Source: Modified from Giglio et al. (2010, Table 2, p. 1181) by authors of this report. 

  

                                                      
311

 Nearly verbatim from Giglio et al. (2010, p. 1184). Assessing variability and long-term trends in burned area by 

merging multiple satellite fire products. 
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Western North America 

Fire has had both fine and coarse scale (i.e., minute resolution and broad areas, respectively) effects on 

the forests of western North America, but these effects differed considerably by fire regime.
312

 Drought 

has a major influence on fire in the United States.
313

 Analysis of climate reconstructions beginning from 

500 and population data show that temperature and drought predict changes in biomass burning up to the 

late 1800s.
314

 Climate controls on the area burned by wildfire in the western United States are strong, 

even during the dominant period of fire suppression and exclusion in the last two-thirds of the 20
th
 

century.
315

 Roughly 39% (1916–2003) to 64% (1977–2003) of the fire area burned can be related directly 

to climate:
316

 

 1916–2003: The relationships are weaker (compared to 1977-2003), but climate explained 25–

57% (mean = 39%) of the variability (in wildfire area burned).
317

  

 1977–2003: A few climate variables explain 33–87% (mean = 64%) of wildfire area burned, 

indicating strong linkages between climate and area burned.
318

  

Most western U.S. ecoprovinces have stronger characteristics of fuel (moisture) or climate (energy) 

limitation, but the results support the idea that there is a range of vegetation types and seasonal climates 

that produce fire regimes limited by both fuel and climate.
319

 For example:  

 Low precipitation, high temperature, and negative Palmer Drought Severity Index immediately 

preceding and during the year of fire are associated with increased wildfire area burned in the 

Cascade Range (as well as the Rocky Mountains and Sierra Nevada), probably because persistent 

hot temperatures and low humidity are required to dry out fine fuels in these ecoprovinces even 

when winters are comparatively mild.
320

  

 For the period 1977–2003, correlations between area burned and seasonal climate suggest the 

Cascades and Northern Rockies are sensitive primarily to low precipitation during the fire season 

(summer and growing season).
321

 

 Grass- and shrub-dominated ecoprovinces had positive relationships with antecedent precipitation 

or Palmer Drought Severity Index.
322

 

In the western U.S., historical wildfire observations exhibit an abrupt transition in the mid-1980s from a 

regime of infrequent large wildfires of short (average of 1 week) duration to one with much more frequent 

                                                      
312

 Nearly verbatim from Agee (1998, p. 24). The landscape ecology of Western forest fire regimes. Agee cites Agee 

(1993) for information on the scale effects. 
313

 Verbatim from Bachelet et al. (2007, p. 4). Wildfires and global climate change: the importance of climate 

change for future wildfire scenarios in the western United States. Bachelet et al. cite Siebold & Veblen (2006) and 

Enfield et al. (2001) for this information. 
314

 Verbatim from Marlon et al. (2012, p. E535) 
315

 Verbatim from Littell et al. (2009, p. 1019) 
316

 Verbatim from Littell et al. (2009, p. 1019) 
317

 Nearly verbatim from Littell et al. (2009, p. 1003) 
318

 Nearly verbatim from Littell et al. (2009, p. 1003) 
319

 Nearly verbatim from Littell et al. (2009, p. 1017) 
320

 Nearly verbatim from Littell et al. (2009, p. 1015) 
321

 Nearly verbatim from Littell et al. (2009, p. 1015-1016) 
322

 Verbatim from Littell et al. (2009, p. 1003) 
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and longer burning (5 weeks) fires.
323

 This transition was marked by a shift toward unusually warm 

springs, longer summer dry seasons, drier vegetation (which provoked more and longer burning large 

wildfires), and longer fire seasons.
324

 Reduced winter precipitation and an early spring snowmelt played a 

role in this shift.
325

 More specifically, based on comparisons with climatic indices that use daily weather 

records to estimate land surface dryness, Westerling et al. (2006) attribute this increase in wildfire activity 

to an increase in spring and summer temperatures by ~1.6 °F (~0.9°C) and a 1- to 4-week earlier melting 

of mountain snowpacks.
326

 

Specific observed trends for frequency, area burned, elevation of fire, wildfire duration, length of the 

wildfire season, and changes associated with the timing of spring and snowmelt are available:  

 Increased frequency and area burned by large wildfires (> 988 acres; >400 ha): Wildfire 

frequency was nearly four times the average of 1970 to 1986, and the total area burned by these 

fires was more than six and a half times its previous level.
327

 Increases in wildfire frequency 

varied regionally: 

o Eighteen percent (18%) of the increase in wildfire frequency occurred in the Sierra 

Nevada, southern Cascades, and Coast Ranges of northern California and southern 

Oregon.
328

  

o The Northwest; and coastal, central, and southern California each account for 5% and 

<1%, respectively, of the increase in wildfire frequency.
329

 

 Fire was concentrated at mid-elevation: Increased wildfire frequency since the mid-1980s has 

been concentrated between 5512 and 8497 feet (1680-2590 meters) in elevation, with the greatest 

increase centered around 6988 feet (2130 meters).
330

 Wildfire activity at these elevations has been 

episodic, coming in pulses during warm years, with relatively little activity in cool years, and is 

strongly associated with changes in spring snowmelt timing, which in turn is sensitive to changes 

in temperature.
331

 

 Increased duration of wildfire: The average time between discovery and control for a wildfire 

increased from 7.5 days from 1970 to 1986 to 37.1 days from 1987 to 2003.
332

 

 Longer wildfire season: The average season length (the time between the reported first wildfire 

discovery date and the last wildfire control date) increased by 78 days (64%), comparing 1970 to 

1986 with 1987 to 2003.
333

  

 Changes in forest vulnerability and area burned given timing of spring and snowmelt: 

Overall, 56% of wildfires and 72% of area burned in wildfires occurred in early snowmelt years 

(i.e., lower tercile of CT1, the first principal component of the center of mass of annual flow, 

                                                      
323

 Nearly verbatim from Westerling et al. (2006, p. 942) 
324

 Verbatim from Westerling et al. (2006, p. 943) 
325

 Verbatim from Westerling et al. (2006, p. 943) 
326

 Nearly verbatim from Running (2006, p. 927) 
327

 Nearly verbatim from Westerling et al. (2006, p. 941) 
328

 Nearly verbatim from Westerling et al. (2006, p. 941). Westerling et al. refer the reader to fig. S2 in the cited 

article for this information. 
329

 Nearly verbatim from Westerling et al. (2006, p. 941) 
330

Nearly verbatim from Westerling et al. (2006, p. 941) 
331

Verbatim from Westerling et al. (2006, p. 941) 
332

 Verbatim from Westerling et al. (2006, p. 941) 
333

 Verbatim from Westerling et al. (2006, p. 941) 
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which is a regional proxy for interannual variability in the arrival of spring snowmelt), whereas 

only 11% of wildfires and 4% of area burned occurred in late (i.e., upper tercile CT1) snowmelt 

years (time period: 1970-2002).
334

 In a measure of forest vulnerability to changes in the timing of 

spring, the Northern Rockies and Northern California display the greatest vulnerability by this 

measure—the same forests accounting for more than three-quarters of increased wildfire 

frequency since the mid-1980s.
335

 

Published studies suggest that bark beetle outbreaks can affect fuels and fire behavior.
336

 The types of 

change, however, depend on the research question addressed, time since outbreak, and fuels or fire 

characteristic of interest, suggesting that generalizations about the effects of bark beetle-caused tree 

mortality on fire characteristics are unwarranted.
337

 Although many studies reported that beetle outbreaks 

were not as important as other factors in driving fire behavior, extent, or severity, the impact of beetle-

killed trees can become significant when compared with unattacked stands.
338

 One conceptual framework 

developed from the literature describes responses of different fuels and fire behavior characteristics as a 

function of time since outbreak (Figure 9).
339

 

Table 11. Observed trends in biomass burned, area burned, and fire frequency across North America, with a focus 

on western North America, from 3,000 years ago to the present. 

Time Period 
Biomass burned /  

Area burned 
Fire frequency Sources 

3 thousand 

years ago to 

1900 

Slight decline over past 3 

thousands years, with a 

minimum from 1400-1700 

across North America 

Forest fires peak from 950-1250 and in the 

1800s across North America 

Regular, widespread fire from 1600-1900 

across North America 

Marlon et 

al. (2012) 

1916-2003, 

1977-2003 

~39% (1916–2003) to 64% 

(1977–2003) related 

directly to climate 

N/A 
Littell et al. 

(2009) 

1987-2003 

 vs. 

1970-1986 

1987-2003 total was 6.5 

times the 1970-1986 total 

72% burned in early 

snowmelt years vs. 4% in 

late snowmelt years (1970-

2002) 

Average increased nearly 4 times, with 5% of 

the increase in the Northwest and 18% of the 

increase in the Sierra Nevada, southern 

Cascades and Coast Ranges of northern 

California and southern Oregon.  

Fire season 78 days longer (64%) 

56% of fires occurred in early snowmelt years 

vs. 11% in late snowmelt years (1970-2002) 

Westerling 

et al. 

(2006) 

Table created by authors of this report. 

 

                                                      
334

 Nearly verbatim from Westerling et al. (2006, p. 942) 
335

 Nearly verbatim from Westerling et al. (2006, p. 942). Westerling et al. refer the reader to Fig. 4 in the cited 

article for information on the measure, which uses the “percentage difference in the moisture deficit for early versus 

late snowmelt years scaled by the fraction of forest cover in each grid cell” (see p. 942 in cited article). 
336

 Nearly verbatim from Hicke et al. (2012, p. 88). Effects of bark beetle-caused tree mortality on wildfire. 
337

 Verbatim from Hicke et al. (2012, p. 88) 
338

 Verbatim from Hicke et al. (2012, p. 88) 
339

 Nearly verbatim from Hicke et al. (2012, p. 88) 
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Southcentral and Southeast Alaska 

Results from soil charcoal analysis indicate 

that the upland forests of white and Lutz 

spruce on the western Kenai Peninsula 

have a relatively inactive history of fire 

(time period: last ~2,500 years).
340

 Soil 

charcoal data suggest that upland forests of 

white and Lutz spruce have not on average 

burned for 600 years (time-since-fire range 

90 to ~1500 years, at 22 sites) and that the 

mean fire interval was 400-600 years.
341

 

However, fire activity was particularly 

high near Paradox Lake, possibly due to 

spread of fires that originated in extensive 

expanses of lowland black spruce forest to 

the east, where earlier fire history studies 

have estimated a mean fire return interval 

of approximately 79 years.
342

 Fire activity 

was notably low west of the Caribou Hills 

where forests have not burned for 700–

1100 years.
343

 The topography was more 

dissected and better drained in this area 

which may possibly limit the spread of 

fire.
344

 

Dendrochronological evidence indicated 

that spruce beetle outbreaks occurred on 

average every 50 years in these forests.
345

 

It would thus appear that 10 or more 

spruce beetle outbreaks can occur for 

every cycle of fire in these forests.
346

 

However, a trend of warmer summers 

coupled with an increasing human 

population and associated sources of 

ignitions may create a greater fire risk in 

all fuel types than was present during the 

                                                      
340

 Nearly verbatim from Berg & Anderson (2006, p. 280). Fire history of white and Lutz spruce forests on the 

Kenai Peninsula, Alaska, over the last two millennia as determined from soil charcoal. 
341

 Verbatim from Berg & Anderson (2006, p. 275) 
342

 Verbatim from Berg & Anderson (2006, p. 282). Berg & Anderson cite De Volder (1999) for this information.  
343

 Verbatim from Berg & Anderson (2006, p. 282) 
344

 Verbatim from Berg & Anderson (2006, p. 282) 
345

 Verbatim from Berg & Anderson (2006, p. 275) 
346

 Verbatim from Berg & Anderson (2006, p. 275) 

Figure 9. Conceptual framework of (a) fuels characteristics and 

(b) fire behavior relative to preoutbreak conditions for red, gray, 

and old (snagfall and regrowth) phases. Surface fire properties 

include reaction intensity, rate of spread, and flame length. For 

postoutbreak phases, solid lines indicate higher confidence in 

responses based on Fig. 3, and dashed lines indicate lower 

confidence (more disagreement, fewer studies, or knowledge 

gaps).  

Source: Reproduced from Hicke et al. (2012, Figure 2, p. 84) 

by authors of this report. 
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time period covered by the study (i.e., approximately 2500 years).
347

 Further, the presence of over 

1,060,000 acres (429,000 hectares) of forest with spruce recently killed by sruce beetles on the Kenai 

Peninsula has raised the specter of catastrophic wildfire.
348

 

Western British Columbia 

In a study of long-term fire regime estimated from soil charcoal in coastal temperate rainforests in the 

Clayoquot and Fraser Valleys, time since the most recent fire (TSF) was more widely distributed in the 

Clayoquot Valley (290-12,220 calendar years; median: 1300 cal. yrs.) than in the Fraser Valley (50-9,220 

cal yrs; median: 1550 cal yrs).
349

 There is no significant difference in median TSF between the two study 

areas.
350

 A larger proportion of sites have burned in the last 1000 years in the Clayoquot Valley (42%) 

than in the Fraser Valley (17%), although a larger proportion of sites in the Clayoquot Valley (23%) than 

in the Fraser Valley (6%) have not burned since the early Holocene (7000 cal. yrs. Before Present, BP).
351

 

With the assumption that dates from the same site that were separated by less than 300 years represented 

wood burned in the same event, the Fraser Valley sites had a median fire interval of 1,200 years and the 

Clayoquot Valley a median fire interval of 2,380 years.
352

  

The maximum TSF for each study area represents nearly the entire period of time since deglaciation, 

which began roughly 13,000 cal. years BP.
353

 These are the longest documented TSF’s that Lertzman et 

al. (2002) are aware of for any forest worldwide.
354

 Fire is not just rare on the ecological time scale of the 

dynamics of populations, but is rare on the biogeographic time scale of the shaping of rainforest 

communities and ecosystems.
355

 This rarity of fire has supported the development of ecosystems 

characterized by great age, massiveness, and the ubiquity of late-seral species and structures at both stand 

and landscape scales.
356

 However, these overall summary analyses mask substantial spatial and temporal 

variation in fire incidence.
357

 For the Clayoquot Valley, information on area burned in the lower valley (< 

656 feet, < 200 m; soil charcoal radiocarbon dating) and near Clayoquot Lake is available, as is 

information on the number and frequency of fires near the lake (lake data based on lake sediment, tree-

ring records, and soil-charcoal records): 

 Time since last fire in the lower Clayoquot Valley: The estimates of time since last fire ranged 

from 64 to approximately 12,220 years.
358

 Approximately 45% of the sites have burned in the last 

1000 years, whereas 20% of the sites have not burned for over 6000 years.
359

 

                                                      
347

 Nearly verbatim from Berg & Anderson (2006, p. 275) 
348

 Verbatim from Berg & Anderson (2006, p. 275) 
349

 Nearly verbatim from Lertzman et al. (2002, p. 9). Lertzman et al. refer the reader to Figure 6 in the cited article 

for this information. 
350

 Nearly verbatim from Lertzman et al. (2002, p. 9-10) 
351

 Verbatim from Lertzman et al. (2002, p. 10) 
352

 Nearly verbatim from Lertzman et al. (2002, p. 10). Lertzman et al. refer the reader to Table 1 and Figure 6 in the 

cited article for this information. 
353

 Verbatim from Lertzman et al. (2002, p. 10). Lertzman et al. cite Booth (1987) for this information. 
354

 Nearly verbatim from Lertzman et al. (2002, p. 10) 
355

 Verbatim from Lertzman et al. (2002, p. 11) 
356

 Verbatim from Lertzman et al. (2002, p. 11) 
357

 Nearly verbatim from Lertzman et al. (2002, p. 11) 
358

 Verbatim from Gavin et al. (2003b, p. 194). Holocene fire history of a coastal temperate rain forest based on soil 

charcoal radiocarbon dates. Gavin et al. refer the reader to Figure 6 in the cited article for this information. 
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 Area burned near Clayoquot Lake: Soil-charcoal radiocarbon dates revealed that 37% of the 

charcoal source area had not burned over the last 1800 years.
360

 Based on polygon boundaries, 

63% of the area within ~1640 feet (500 m) of the lake burned at least once during AD 200 – 

present, and 22% burned at least once during AD 1200 – present.
361

 

 Number and frequency of fire near Clayoquot Lake: The lake sediment record indicates that 

23 fires have occurred over the last 1800 years within a charcoal source area of 628 acres (254 

hectares; distance to lake of ~1640 feet, or 500 meters).
362

 The charcoal record also shows 23 

fires, with a large shift in fire occurrence at AD 1100.
363

 The average interval between charcoal 

peaks increased from 45 to 272 years from AD 200–1100 to AD 1100 – present.
364

  

Observed trends in the spatial distribution of fire over time are also available for the Clayoquot Valley: 

 Slopes and terraces: The median time since last fire on terraces (4410 years) was 6 times greater 

than on hill slopes (740 years) (P < 0.001).
365

 On hill slopes, fires frequently spread up to 820 feet 

(250 m) but not beyond, as the proportion of site pairs with similar time since last fire declined 

sharply at scales greater than 820 feet (> 250 m).
366

 In contrast, there were no significant spatial 

relationships of time since last fire on terraces, suggesting fire extent was rarely larger than the 

smallest distances between sites (328-820 feet, 100–250 m).
367

 

 South- and north-facing slopes: On hill slopes in the Clayoquot Valley, all south-facing and 

southwest-facing sites have burned within the last 1000 years compared to only 27% of north- 

and east-facing sites burning over the same period.
368

 Near Clayoquot Lake, areas on south-facing 

slopes burned in the last 200 years (since AD 1800), and probably burned several times during 

the last 1,800 years.
369

 In contrast, areas on north-facing slopes generally have not burned for 

over 6000 years (since at least AD 200).
370

 This spatial pattern may result only if fire is >25 times 

more likely to occur on susceptible sites (south-facing slopes) than on less susceptible sites.
371

 

In mountain hemlock forests in the vicinity of Frozen Lake and Mount Barr Cirque Lake in southwest 

British Columbia (i.e., the Fraser Valley), overall fire frequency varied continuously throughout the 

Holocene, suggesting that fire regimes are linked to climate via large-scale atmospheric circulation 

patterns.
372

 In the Late Holocene, synchronous decreases in fire frequency (i.e., to 2-5 events per 1000 

                                                                                                                                                                           
359

 Verbatim from Gavin et al. (2003b, p. 194). Gavin et al. refer the reader to Figure 6 in the cited article for this 

information. 
360

 Verbatim from Gavin et al. (2003a, p. 573). An 1800-year record of the spatial and temporal distribution of fire 

from the west coast of Vancouver Island, Canada. 
361

 Nearly verbatim from Gavin et al. (2003a, p. 578) 
362

 Verbatim from Gavin et al. (2003a, p. 579) 
363

 Verbatim from Gavin et al. (2003a, p. 579). Gavin et al. refer the reader to Fig. 6a in the cited article for this 

information. 
364

 Verbatim from Gavin et al. (2003a, p. 579) 
365

 Nearly verbatim from Gavin et al. (2003b, p. 194) 
366

 Verbatim from Gavin et al. (2003b, p. 196) 
367

 Verbatim from Gavin et al. (2003b, p. 196) 
368

 Nearly verbatim from Gavin et al. (2003b, p. 186) 
369

 Nearly verbatim from Gavin et al. (2003a, p. 583) 
370

 Nearly verbatim from Gavin et al. (2003a, p. 583) 
371

 Verbatim from Gavin et al. (2003a, p. 573) 
372

 Nearly verbatim from Hallett et al. (2003, 292). 11,000 years of fire history and climate in the mountain hemlock 

rain forests of southwestern British Columbia based on sedimentary charcoal. 
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years) between 3500 and 2400 and between 

600 and 0 cal. yrs. BP in mountain hemlock 

forests correspond to Neoglacial advances such 

as the Tiedemann and Little Ice Age, 

suggesting dominance of the Aleutian Low and 

frequent westerly storm tracks.
373

 Modern fire 

frequencies of 2–5 events per 1000 years were 

established after 1300 cal. yrs. BP.
374

 The last 

fires recorded at the mountain hemlock sites 

correspond to a dry period around 150 cal. yrs. 

BP (~AD 1800) when large fires occurred at 

many sites in the northwestern United States 

and western Canada.
375

 

Pacific Northwest 

Information on fire regimes for national forests 

in the Pacific Northwest is provided in Table 

12. Historically, drought patterns in the West 

are related to large-scale climate patterns in the 

Pacific and Atlantic oceans (i.e., PDO, ENSO, 

Atlantic Multidecadal Oscillation; see 

Appendix 3. Major Climate Patterns in the 

NPLCC: ENSO and PDO).
376

 Gedalof et al. 

(2005) provide evidence for a climatic 

component in forcing extreme wildfire years in 

the American Northwest (Washington, Oregon, 

Idaho).
377

 The principal findings of the analysis 

were: 

 Role of antecedent drought, fire year 

drought, and the 500 hPa height: Years with 

region-wide increases in area burned are 

characterized by enhanced drought in the 

seasons preceding the fire (i.e., antecedent 

                                                      
373

 Nearly verbatim from Hallett et al. (2003, 309). See Figure 8 in Hallett et al. for information on the number of 

fire events per 1000 years. 
374

 Verbatim from Hallett et al. (2003, 308) 
375

 Verbatim from Hallett et al. (2003, 308). Hallett et al. cite Watson and Luckman (2001) for information on the 

last fires recorded at the mountain hemlock sites. For information on large fires in the northwestern U.S., Hallett et 

al. cite Hemstrom & Franklilnk (1982), Dickman & Cook (1989), Agee (1991, 1993), Huff (1995), and Heyerdahl et 

al. (2001). For information on large fires in western Canada, Hallett et al. cite Johnson & Fryer (1987), Masters 

(1990), Gavin (2000), and Hallett (2001). 
376

 Nearly verbatim from Bachelet et al. (2007, p. 4). Bachelet et al. refer the reader to Table 1 in the cited article for 

this information. 
377

 Nearly verbatim from Gedalof et al. (2005, p. 172) 

Figure 10. A. Historic fire regimes of the Pacific Northwest 

can be broadly defined into three categories: low-,  

moderate-, and high-severity. Each fire regime has a 

number of forest types within it that have similar landscape 

patterns created by fire. B. Historic fire intensity and 

associated effects varied by fire regime.  

Source: Reproduced from Agee (1998, Figure 1) by authors 

of this report. 
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drought), followed by continued drought and increases in the 500 hPa height (i.e., an atmospheric 

surface layer of constant pressure, wherein areas of high height are associated with a relatively 

warm column of air and areas of low height are associated with a relatively cold column of air) 

over western North America and the eastern Pacific Ocean in the month prior to, throughout, and 

the month following the normal fire season.
378

 

 Role of ecological characteristics: Distinct ecological characteristics modulate the response to 

atmospheric forcing, with wetter forests requiring more severe drought and prolonged blocking 

(i.e., an anomalous high-pressure system that remains quasi-stationary over the far eastern Pacific 

Ocean or western North America for prolonged intervals and diverts moisture away from areas 

below and downstream from it) to burn than drier forests, which may respond to blocking events 

without antecedent drought.
379

 For example, prolonged antecedent drought preconditions many of 

the forests of the region to burn, in particular mesic (i.e., well-balanced moisture) to wet highly 

productive forests dominated by Sitka spruce and western hemlock.
380

 

 Role of ENSO and PDO: The Pacific Decadal Oscillation (PDO) appears to influence wildfire 

activity, although area burned responds to the annual to interannual fluctuations in the PDO more 

strongly than to interdecadal variability.
381

 CIG (2004) also found that during the 20
th
 century, the 

PDO has had a detectable influence on the 

area burned by fire in the Pacific 

Northwest (Figure 11).
382

 It is unclear 

whether the PDO influences wildfire 

activity through its influence on drought 

severity (i.e., largely a wintertime 

connection) or by altering the statistics of 

summertime circulation.
383

 No significant 

association to the El Niño-Southern 

Oscillation (ENSO) was found for any of 

the records of area burned.
384

 However, 

other researchers found that in the Pacific 

Northwest El Niño years bring drier 

conditions and more fires.
385

 

Fire history reconstructions from tree rings and lake 

sediment indicate fire has been a prominent natural 

disturbance of Pacific Northwest forest ecosystems since at least the end of the last glaciation over 12,000 

years ago.
386

 Several sites indicate that increased fire activity lagged the change to more thermophilous 

                                                      
378

 Nearly verbatim from Gedalof et al. (2005, p. 173) 
379

 Nearly verbatim from Gedalof et al. (2005, p. 173) 
380

 Nearly verbatim from Gedalof et al. (2005, p. 172-173) 
381

 Verbatim from Gedalof et al. (2005, p. 173) 
382

 Nearly verbatim from CIG (2004, p. 1) 
383

 Verbatim from Gedalof et al. (2005, p. 173) 
384

 Verbatim from Gedalof et al. (2005, p. 173) 
385

 Nearly verbatim from Bachelet et al. (2007, p. 4). Bachelet et al. cite Swetname & Baisan (2003) and Westerling 

& Swetnam (2003) for this information. 
386

 Verbatim from CIG (2004, p. 1) 

Figure 11. Relationship between the Pacific Decadal 

Oscillation and fire area burned for national forests in Oregon 

and Washington, 1922-1995. Source: CIG (2004) 
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(i.e., warmth-loving) vegetation by several centuries in the late-glacial period.
387

 This probably reflects a 

delayed response in the build up of fuel to support fires, but it may also be related to climate variations in 

the late-glacial period.
388

 The records (i.e., of lake sediment) suggest that fire frequency has changed 

continuously and no long-term stationarity is evident in the fire frequency record.
389

  

There are also distinct features in the spacing of fire episodes within regions that suggest spatial 

coherency in the disturbance regimes:
390

 

 Washington Cascades and Pacific Northwest: Like Battle Ground Lake (southwest 

Washington), all of the sites (i.e., several lakes in western WA, OR, and on Vancouver Island, 

BC) indicate decreased fire activity in the early and middle Holocene, but only at Little Lake 

(central Oregon Coast Range) and Hall Lake (east Puget Sound) did this trend continue toward 

present (Kirk Lake, east Puget Sound, lacks charcoal data after ~2500 cal. yrs. BP).
391

  

 Oregon Coast Range: At Little Lake, fire episodes in the middle to late Holocene were larger or 

of higher severity, but less frequent than during the early Holocene.
392

 

 Northern California: Charcoal records from the summer-dry Klamath Mountains of northern 

California indicate that fires were frequent through the Holocene with little long-term trend in the 

data.
393

 Two sites from the Klamath region, Bluff and Crater Lakes, suggest periods of frequent 

fire, such as at approximately 4000 and 1000 cal. yrs. BP.
394

 

Western Washington 

Near Panther Potholes in the North Cascades, fire frequency varies throughout the Holocene record, with 

frequent fires in the Early Holocene and the highest fire frequency (9 fires per 1000 years) approximately 

8,500 calendar years Before Present (cal. yrs. BP).
395

 Fire frequency markedly declines approximately 

8,000 cal. yrs. BP and remains low throughout the Mid-Holocene.
396

 Fires again became more frequent in 

the Late Holocene with high fire frequency between 3000 and 2000 cal. yrs. BP and 1000 and 500 cal. 

yrs. BP.
397

 Additional information for the Late Holocene is provided in Table 13. 

The vegetation and fire regimes on Mount Constitution (Orcas Island) 5300-7000 years ago were similar 

to those at present, suggesting that the climate was also similar.
398

 High charcoal accumulation rates 

 

                                                      
387

 Verbatim from Walsh et al. (2008, p. 262) 
388

 Verbatim from Walsh et al. (2008, p. 262) 
389

 Nearly verbatim from Whitlock et al. (2003, p. 10). Whitlock et al refer the reader to Figure 2 in the cited article 

for this information. 
390

 Verbatim from Whitlock et al. (2003, p. 10) 
391

 Nearly verbatim from Walsh et al. (2008, p. 261) 
392

 Verbatim from Walsh et al. (2008, p. 261) 
393

 Verbatim from Whitlock et al. (2003, p. 10) 
394

 Verbatim from Whitlock et al. (2003, p. 10) 
395

 Nearly verbatim from Prichard et al. (2009, p. 64). Holocene fire and vegetation dynamics in a montane forest, 

North Cascade Range, Washington, USA 
396

 Verbatim from Prichard et al. (2009, p. 64) 
397

 Verbatim from Prichard et al. (2009, p. 64) 
398

 Nearly verbatim from Sugimura et al. (2008, p. 548-549). Millennial-scale changes in local vegetation and fire 

regimes on Mount Constitution, Orcas Island, Washington, USA, using small hollow sediments 
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Table 12. Biophysical characteristics of the 12 National Forests in the northwestern U.S. within the NPLCC region. 

National 

Forest 
Dominant forest types* 

Mean annual 

precipitation 
 

inches  

(cm) 

Typical fire regime(s)
†
 

1 2 3 4 5 6 

Deschutes 
Lodgepole pine, ponderosa pine, 
Douglas-fir, grand fir 

197 

(501) 
x x     

Gifford 

Pinchot 

Western hemlock, Douglas-fir, Pacific 

silver fir, mountain hemlock 

61.8 

(157) 
   x x  

Mount Baker-

Snoqualmie 
Western hemlock, Douglas-fir, Pacific 

silver fir, mountain hemlock 

65.4 

(166) 
    x x 

Mt. Hood 
Western hemlock, Douglas-fir, grand 

fir, mountain hemlock, subalpine fir 

60.2 

(153) 
   x x  

Olympic 
Sitka spruce, western hemlock, Pacific 

silver fir, Douglas-fir, mountain hemlock 

68.5 

(174) 
    x x 

Rogue River 
Douglas-fir, white fir, red fir, ponderosa 

pine 

28 

(71) 
  x x x  

Siskiyou 
Douglas-fir, western hemlock, coast 

redwood, white fir, red fir 

51.2 

(130) 
 x x x x  

Siuslaw 
Western hemlock, Sitka spruce, 

Douglas-fir, grand fir, Pacific silver fir 

66.1 

(168) 
   x x x 

Umpqua 
Douglas-fir, ponderosa pine, grand fir, 

incense cedar 

39 

(98) 
   x x  

Wenatchee 
Douglas-fir, grand fir, ponderosa pine, 
subalpine fir 

39 

(99) 
 x x x   

Willamette 
Douglas-fir, incense cedar, ponderosa 

pine, Oregon white fir, red fir, 
mountain hemlock 

40.6 

(103) 
x x x x   

Winema 
Ponderosa pine, lodgepole pine, 
Douglas-fir, grand fir 

25 

(64) 
x x x    

Source: Modified from Gedalof et al. (2005, Table 1, p. 156) by authors of this report. 

*Bolded species are those most commonly occurring 
†
Fire regimes based on Agee (1993): 1) infrequent light surface fires (> 25-year return interval); 2) frequent light 

surface fires (1-25 year return interval); 3) infrequent severe surface fire (>25-year return interval; 4) short return 

interval crown/severe surface fire (25-100 years); 5) long return interval crown/severe surface fire (100-300 years); 

6) very long return interval crown/severe surface fire (300+ years). 
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indicate that fire was common, and the occasional sharp peaks suggest that at least some of the fires were 

severe.
399

 From 2000 years BP to present, increased charcoal accumulation rates suggest that fire 

frequency, severity, and/or extent increased at all sites, leading to the modern fire regime of one fire every 

100-200 years.
400

 

The fire history at Battle Ground Lake 

(southwest WA) was apparently driven by 

climate, directly through the length and 

severity of the fire season, and indirectly 

through climate-driven vegetation shifts, 

which affected available fuel biomass.
401

 

For example, in the middle to late 

Holocene (~5200 cal yr BP to present), 

forest dominated by Douglas-fir, Thuja-

type (e.g., western redcedar), and western 

hemlock supported less frequent, but 

mostly large or high-severity fire 

episodes.
402

 Fire episodes were least 

frequent, but were largest or most severe, 

after approximately 2500 cal. yrs. BP.
403

  

Klamath Mountains 

For thousands of years, fire has been a major evolutionary force in the Klamath Mountains of northwest 

California and southwest Oregon, influencing forest structure, species composition, soil properties, 

wildlife habitat, landscape patterns, watershed hydrology, nutrient cycling and numerous other ecosystem 

processes.
404

 The unique flora, combined with varied parent materials, topographic heterogeneity and 

steep climatic gradients, has created an extraordinary variety of forest types ranging from coastal 

temperate rainforest to semi-arid oak woodlands.
405

 As a result, a broad range of fire environments and 

resulting fire regimes are also present.
406

  

Frost & Sweeney’s (2000) initial analysis of 20
th
 century fire history suggests that forests of the Klamath-

Siskiyou region have experienced a reduction in both the total amount of area burned and the average fire 

size since the middle of the 1900s, the beginning of modern fire suppression.
407

 While large fire events 

                                                      
399

 Verbatim from Sugimura et al. (2008, p. 546) 
400

 Nearly verbatim from Sugimura et al. (2008, p. 548) 
401

 Nearly verbatim from Walsh et al. (2008, p. 251). A 14,300-year-long record of fire-vegetation-climate linkages 

at Battle Ground Lake, southwestern Washington. 
402

 Nearly verbatim from Walsh et al. (2008, p. 251) 
403

 Nearly verbatim from Walsh et al. (2008, p. 251) 
404

 Verbatim from Frost & Sweeney (2000, p. 2). Fire regimes, fire history and forest conditions in the Klamath-

Siskiyou Region: An overview and synthesis of knowledge. Frost & Sweeney cite Chang (1996) and Agee (1993) for 

this information. 
405

 Verbatim from Frost & Sweeney (2000, p. 3) 
406

 Verbatim from Frost & Sweeney (2000, p. 3) 
407

 Nearly verbatim from Frost & Sweeney (2000, p. 35) 

Table 13. Major vegetation type and mean fire return interval 

near Panther Potholes, North Cascades in the Late Holocene 

(~2,000 calendar years Before Present to present). 

Vegetation type Sample tree species 

Mean fire return 

interval  

(years ± SD) 

Moist montane 

conifer forest 

with increase in 

subalpine species 

Western redcedar declines 

as Alaska yellow-cedar 

appears and increases. 

Pollen from western 

hemlock and the cypress 

family increases. 

197 ± 167 

Source: Modified from Prichard et al. (2009, Table 2, p. 60) by 

authors of this report. 

SD = standard deviation; cal. yrs.  
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comprise a larger proportion of area burned in the second half of the century, available data does not 

suggest that the probability or size of large fires has changed.
408

  

In terms of total area, the predominant fire regime was of relatively frequent fires (e.g. mean fire return 

intervals of 10-50 years) of mostly low and moderate severity, with varying-sized patches of high 

severity.
409

 This fire regime was predominant in the foothill, lower- and mid-montane forests in both 

western and eastern subregions of the Klamath Mountains and the Jeffrey pine type on ultramafic soils 

(i.e., composed of igneous rocks, mostly those of the mafic type).
410

 Greater variability and a higher 

proportion of moderate to high severity fire occurred in the cooler and more mesic (i.e., of moderate 

moisture) forests of the coastal, upper montane and subalpine zones and in riparian settings.
411

 Old-

growth forest characteristics such as large snags and live trees were sustained on many sites for long 

periods and through many disturbances, thus providing habitat continuity over time.
412

 

More specific information on fire frequency, severity, seasonality, and size in subregions of the Klamath 

Mountains is available: 

 Fire frequency: Available studies indicate that median fire return intervals in forests of the 

Klamath Mountains vary considerably with forest type, ranging from as high as 140 years in 

Douglas-fir/mixed conifer forests to 10 years or less in tanoak, Jeffrey pine and ponderosa 

pine/Douglas-fir.
413

 Both subregional and forest type differences are evident, but overall, fires 

were moderately frequent, averaging between 15-40 years in 19 of the 32 fire return intervals that 

have been reported.
414

 Generally, it appears that fire frequency increases from west to east and 

from higher to lower elevations.
415

 For example, although no data are presented, Atzet & Wheeler 

(1982) estimate that the fire-free period varies between 100 – 200 years in the coastally 

influenced portion of southwest Oregon.
416

 Variation within and between study areas has been 

reported for Douglas-fir/mixed conifer and white fir forests: 

o Douglas-fir/mixed conifer forest: Average intervals between fires vary from modal 

values of 15 years to 120 years.
417

 

o White fir: A mean fire return interval of 39 years was reported for white fir forests in the 

western Klamath Mountains, with a range of fire-free periods from 12 to 161 years.
418

 

                                                      
408

 Verbatim from Frost & Sweeney (2000, p. 37) 
409

 Verbatim from Frost & Sweeney (2000, p. 36) 
410

 Verbatim from Frost & Sweeney (2000, p. 36-37) 
411

 Verbatim from Frost & Sweeney (2000, p. 37) 
412

 Verbatim from Frost & Sweeney (2000, p. 37) 
413

 Nearly verbatim from Frost & Sweeney (2000, p. 6-7). Frost & Sweeney cite van Norman (1998) for information 

on Douglas-fir/mixed conifer forests, White et al. (in press) for information on tanoak and jeffrey pine, and Taylor 

& Skinner (1994) for information on ponderosa pine/Douglas-fir. Frost & Sweeney also refer the reader to Table 1 

in the cited report. 
414

 Verbatim from Frost & Sweeney (2000, p. 7) 
415

 Verbatim from Frost & Sweeney (2000, p. 7). Frost & Sweeney cite Atzer & Wheeler (1982) for this 

information. 
416

 Verbatim from Frost & Sweeney (2000, p. 7) 
417

 Nearly verbatim from Frost & Sweeney (2000, p. 7). Frost & Sweeney cite Taylor & Skinner (1998) for the fire 

return interval of 15 years and van Norman (1998) for the fire return interval of 120 years. 
418

 Nearly verbatim from Frost & Sweeney (2000, p. 7). Frost & Sweeney cite Stuart & Salazar (in press) for this 

information. 
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 Fire severity: Since most of the forests in the Klamath-Siskiyou region burned at moderate to 

high frequencies, it follows that most fires produced moderate to low-severity effects on the 

vegetation.
419

 Examination of early historical accounts of fires in the Klamath Mountains 

generally supports this conclusion.
420

 Evidence collected from dendrochronology studies 

indicates the dominance of moderate or “mixed” severity fires, where a complex, irregular pattern 

of tree mortality and openings are created.
421

 These historic patterns of fire severity are consistent 

with observation of recent fires in wildlands of the Klamath Mountains, many of which continue 

to burn in a mosaic pattern and result in varying levels of tree mortality.
422

 

 Seasonality: In general, seasonal fire scar positions have been found in the latter portions of 

annual rings, indicating that most fires occurred late in the growing season, from mid-summer to 

early fall.
423

 This is consistent with typical lightning patterns observed in the region, with most of 

it striking in the late summer.
424

 After being ignited in July and August, many fires appear to have 

the ability to spread over weeks or months, with periods of smoldering or slow progression 

alternating with aggressive runs when weather becomes hot or windy.
425

 The more xeric (i.e., 

dry), low-elevation forest types, including interior oak woodland, ponderosa pine, and Jeffrey 

pine are the forests that are most likely to burn early in the fire season, especially those on 

southerly aspects.
426

 

 Fire size: Relatively few of the fire history studies conducted in the Klamath Mountains have 

presented data on the spatial extent of fires.
427

 Information is available for subregions of the 

Klamath Mountains: 

o Northern boundary: Most of the fires that burned in the ~111,200 acre (45,000 hectare, 

ha) Little River watershed (near the northern boundary of the Klamath-Siskiyou region) 

were between 25 and 988 acres (10 and 400 ha), with a few up to 7413 acres (3000 ha) in 

size.
428

  

o Coastal and western subregions: Large fire years are often associated with regional 

events and extreme climatic conditions.
429

 Very large, often stand-replacement fires 

occur, on average, every 200 years in coastal and western subregions.
430

 The 1987 

wildfires and ~121,080 acre (49,000 ha) Big Bar fire complex that burned in 1999 are the 

most recent examples of this pattern.
431

  

                                                      
419

 Verbatim from Frost & Sweeney (2000, p. 8) 
420

 Verbatim from Frost & Sweeney (2000, p. 8). Frost & Sweeney cite LaLande (1995), McKinley & Frank (1995), 

and Morris (1934) for this information. 
421

 Verbatim from Frost & Sweeney (2000, p. 8). Frost & Sweeney refer the reader to Tables 1 and 2 in the cited 

report for this information. 
422

 Verbatim from Frost & Sweeney (2000, p. 9) 
423

 Verbatim from Frost & Sweeney (2000, p. 9) 
424

 Verbatim from Frost & Sweeney (2000, p. 9). Frost & Sweeney cite Automated Lightning Detection System 

(1999) for this information. 
425

 Verbatim from Frost & Sweeney (2000, p. 9) 
426

 Verbatim from Frost & Sweeney (2000, p. 10) 
427

 Verbatim from Frost & Sweeney (2000, p. 10) 
428

 Verbatim from Frost & Sweeney (2000, p. 10). Frost & Sweeney cite van Norman (1998) for this information. 
429

 Verbatim from Frost & Sweeney (2000, p. 10). Frost & Sweeney cite McKelvey & Busse (1996), LaLande 

(1995), and Morford (1970) for this information. 
430

 Nearly verbatim from Frost & Sweeney (2000, p. 10). Frost & Sweeney cite Atzet & Wheeler (1982) for this 

information. 
431

 Verbatim from Frost & Sweeney (2000, p. 10). Frost & Sweeney cite Agee (1991a) for this information. 
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o Siskiyou Mountains: Mixed severity fires in Douglas-fir and white fir forests of 

Oregon’s Siskiyou Mountains were historically small to intermediate sizes, ranging from 

~210 to 1420 acres (86 to 576 ha).
432

  

o Northwest California: In similar forest types to the Siskiyou Mountains, a mean size of 

865 acre (350 ha) for historical fires was reported, with a range of 69 to 3310 acres (28 to 

1340 ha), and suggests that large spreading fires are characteristic of Douglas-fir 

dominated forests in this region.
433

  

Western Oregon 

Pollen and high-resolution charcoal records from three lakes were examined to reconstruct the vegetation 

and fire history of the Oregon Coast Range for the last 9000 years.
434

 High fire-episode frequency occurs 

in conjunction with forests comprised primarily of fire-adapted taxa and lower fire-episode frequency is 

associated with forests dominated by fire-sensitive taxa.
435

 Results also indicate shared high fire activity 

at all three sites at a time scale of 100 years over the last 4600 years.
436

 Observed trends in mean fire 

interval at the three lakes during the Late Holocene are provided in Table 14. 

Table 14. Observed trends in mean fire interval at three western Oregon lakes during the Late Holocene. 

Lake Mean fire interval Notes Sources 

Taylor Lake 

(northern 

Oregon) 

220 ± 30 years (range 80–

430, n = 13) over the last 

approximately 2,700 years. 

Similar to the present-day estimates of 300 years 

or greater in Sitka spruce forests. Fires are rare 

currently because the ignition season does not 

coincide with months of dry fuels. 

Long & 

Whitlock 

(2002); Long 

et al. (2007) 

Lost Lake 

(central 

Oregon) 

220 years 
Similar to present-day estimates of 150-300 years 

for western hemlock forests of the Coast Range 

Long et al. 

(2007) 

Little Lake 

(southern 

Oregon) 

210 ± 30 years (range 60–

400, n = 12) over the last 

approximately 2,700 years. 

Similar to present-day estimates of 150-300 years 

for western hemlock forests of the Coast Range. 

Two fires were recorded in 1982 and 1929. 

Long et al. 

(1998); Long 

et al. (2007) 

Table created by authors of this report.  

 

The Neskowin Crest Research Area along the central coast of Oregon in a Sitka spruce-western hemlock 

zone is in the area affected by the catastrophic Nestucca Burn of 1845, a fire that spread west from the 

Willamette Valley to the coast, covering more than ~296,530 acres (120,000 ha).
437

 However, the fire 

appears to have died down or gone out in the steep north-trending canyons on the northwest corner of one 

study site.
438

 The results contrast with evidence from a similar coastal spruce–hemlock stand less than ~62 

miles (100 km) farther south.
439

 There, topographic constraints were not evident, possibly because they 

                                                      
432

 Nearly verbatim from Frost & Sweeney (2000, p. 10). Frost & Sweeney cite Agee (1991a) for this information. 
433

 Nearly verbatim from Frost & Sweeney (2000, p. 10). Frost & Sweeney cite Taylor & Skinner (1998) for this 

information. 
434

 Verbatim from Long et al. (2007, p. 917). Holocene vegetatin and fire history of the Coast Range, western 

Oregon, USA. 
435

 Verbatim from Long et al. (2007, p. 923) 
436

 Nearly verbatim from Long et al. (2007, p. 923). Long et al. refer the reader to Figure 5 in the cited article for this 

information. 
437

 Nearly verbatim from Harcombe et al. (2004, p. 72) 
438

 Nearly verbatim from Harcombe et al. (2004, p. 78) 
439

 Verbatim from Harcombe et al. (2004, p. 78) 
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were overridden by high fire intensity.
440

 Taken together, the studies of coastal spruce–hemlock forest 

illustrate that high spatiotemporal variability in fire effects may occur through much of the range of 

coastal spruce–hemlock forests.
441

 

On shorter time frames, analyses of fire history reveal a significant correlation of fire activity with 

decadal-scale (Pacific Decadal Oscillation), episodic (El Niño/Southern Oscillation), and interannual 

natural climate variation, with larger areas burned during warm and dry phases/years.
442

 An average of 

317,300 acres (128,407 ha) burned per year over the last five years and 648,000 acres (262,236 ha) 

burned in 2007.
443

  

Northwest California 

West of Mt. Shasta near Mt. Eddy, fires were frequent in four glacial basins (i.e., the Crater Creek, Bluff 

Lake, Mumbo, and Cedar Basins) during the 400-500 years before the second half of the 20
th
 century.

444
 

Specific information on fire frequency, size, intensity, and the pattern of fire activity is available: 

 Fire frequency: Basin-wide composite median fire return intervals were 7.5 years (range: 2-47 

years) for Crater Creek Basin, 6 years (range: 1-37 years) for Bluff Lake Basin, 4 years (range: 1-

43 years) for Mumbo Basin, and 9.5 years (range: 2-76 years) for Cedar Basin.
445

 No fires during 

the last half of the 20
th
 century were detected in fire scars.

446
  

 Fire size and intensity: The data from this study suggest that many fires in these higher-

elevation environments (i.e., upper montane and subalpine glacier basins) of the Klamath 

Mountains, though frequent, were small, often scarring only a single tree, and probably of low or 

mixed intensity.
447

 No fire dates met the criteria for an extensive fire year and only Cedar Basin 

met the criteria for large fires.
448

 More specifically, most fires were found to have scarred only 

one tree: 44 of 51 fires (86%) in Crater Creek Basin, 41 of 57 fires (72%) in Bluff Lake Basin, 32 

of 44 fires (73%) in Mumbo Basin, and 23 of 39 fires (59%) in Cedar Basin were detected on 

only single trees.
449

 This contrasts with fire history studies in lower and mid-montane conifer 

forests of the Klamath Mountains where most fires were found to have scarred multiple trees.
450

  

                                                      
440

 Nearly verbatim from Harcombe et al. (2004, p. 78). Harcombe et al. cited Wimberly and Spies (2001) for this 

information. They also cite several other studies as corroboration: Turner and Romme (1994), Lertzman and Fall 

(1998), Heyerdahl et al. (2001), Wimberly and Spies (2001), Gavin et al. (2003a). 
441

 Nearly verbatim from Harcombe et al. (2004, p. 78) 
442

 Nearly verbatim from Shafer et al. (2010, p. 183). Shafer et al. cite Hessl et al. (2004), Pierce et al. (2004), 

Gedalof et al. (2005), Trouet et al. (2006), Kitzberger et al. (2007), and Heyerdahl et al. (2008) for this information. 
443

 Verbatim from Shafer et al. (2010, p. 183). Shafer et al. cite NIFC (2010) for this information. 
444

 Nearly verbatim from Skinner (2003, p. 149). Fire history of upper montane and subalpine glacial basins in the 

Klamath Mountains of Northern California. 
445

 Verbatim from Skinner (2003, p. 145) 
446

 Verbatim from Skinner (2003, p. 149) 
447

 Nearly verbatim from Skinner (2003, p. 148) 
448

 Verbatim from Skinner (2003, p. 147). Skinner refers the reader to Table 4: Scale C5 in the cited article for this 

information. 
449

 Verbatim from Skinner (2003, p. 145) 
450

 Verbatim from Skinner (2003, p. 145) 
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 Patterns of fire activity: Two periods of heightened fire activity are evident, 1700-1749 and 

1850-1899.
451

 In addition, though there was great variation in fire return intervals in the fire scar 

record, the current length of the fire-free period has approached the maximum in all four basins 

simultaneously.
452

 A fire-free period of this length appearing synchronously in all four basins has 

not occurred previously in the fire scare record.
453

 

In the Bald Hills of Redwood National Park since 1993, park managers have instituted a robust prescribed 

fire program, burning 499 to ~2000 acres (202-809 ha) annually, with an approximate three to five year 

return interval for individual sites.
454

 The Bald Hills area encompasses approximately 4200 acres (1700 

ha) of Oregon white oak woodlands and grasslands that divide the Redwood Creek and Klamath River 

drainages.
455

  

To clarify the influence of overstory structure on fuels and fire intensity in oak woodlands and savannas, 

Engber et al. (2011) examined fuelbeds across a gradient from open grassland to Douglas-fir-invaded 

Oregon white oak woodland.
456

 Mean fire temperatures at approximately 12 inches (30 cm) height ranged 

from ~166 °F (74.7 °C) in invaded woodland up to 406.2 °F (207.9 °C) in grassland.
457

 Highly flammable 

grassland and savanna communities maintain heavy herbaceous mass, but low woody mass, favoring 

quick-spreading, relatively high-intensity fires.
458

 

Future Projections 

Global 

Lightning is projected to change under the changing climate, which is expected to affect fire ignition and 

therefore burned area.
459

 

Future projections indicate an impending shift to a temperature-driven global fire regime in the 21
st
 

century, creating an unprecedentedly fire-prone environment.
460

 Vast portions of the continental land area, 

particularly across North America and Eurasia, are projected to experience relatively large changes in fire 

probabilities (GFDL CM2.1 run with A2 and B1 emissions scenarios for three future periods – 2010-

2039, 2040-2069, 2070-2099 – vs. 1961-1990).
461

 The net outcome implies that while parts of the world 

                                                      
451

 Verbatim from Skinner (2003, p. 148). Skinner refers the reader to Figure 3 in the cited article for this 

information. 
452

 Verbatim from Skinner (2003, p. 149) 
453

 Verbatim from Skinner (2003, p. 149) 
454

 Nearly verbatim from Engber et al (2011, p. 35) 
455

 Nearly verbatim from Engber et al (2011, p. 35) 
456

 Nearly verbatim from Engber et al (2011, p. 32) 
457

 Verbatim from Engber et al (2011, p. 32) 
458

 Verbatim from Engber et al (2011, p. 32) 
459

 Verbatim from Liu et al (2013, p. 12). Wildland fire emissions, carbon, and climate: Wildfire-climate 

interactions. 
460

 Verbatim from Pechony & Shindell (2010, p. 19167) 
461

 Nearly verbatim from Krawchuk et al. (2009, p. 8). Global pyrogeogrpahy: the current and future distribution of 

wildfire. Krawchuk et al. refer the reader to Figures 2 and S5 in the cited article for this information. Note: 

Krawchuk et al. compared projections for the three most significant climate predictors identified in the statistical 

analysis (mean temperature of the warmest month, annual precipitation, mean temperature of the wettest month) 

with the average of those projected by simulations of 15 other AOGCMs. Krawchuk et al.’s projections appear 
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may experience regional increases in fire activity, others experience roughly equivalent decreases.
462

 For 

example, in a study using the Keetch-Byram Drought Index (an indicator of soil moisture deficit) to 

assess wildfire potential, future wildfire potential increases significantly in the United States, South 

America, central Asia, southern Europe, southern Africa, and Australia (2070-2100 vs. 1961-1990 under 

the HadCM3, CGCM2, CSIRO, and NIES GCMs and A1F1, A2a, B1a, and B2a emissions scenarios).
463

  

Western United States 

Total area burned across the western United States is projected to increase by 54% for 2046-2055 relative 

to 1996-2005 (GISS GCM 3 run with A1B).
464

 Statistically significant increases in area burned are 

projected for the Rocky Mountains Forest (175%), Pacific Northwest Forest (78%), and Desert Southwest 

(43%) ecoregions.
465

 Simulated increases in temperature are responsible for more than 80% of the 

predicted increase in area burned in these ecoregions.
466

 In the Pacific Northwest and Rocky Mountains 

Forest ecoregions, interannual variability in predicted area burned is similar to that in observed area 

burned.
467

 

In a modeling study by McKenzie et al. (2004), they conclude even for a very low-end climatic change 

scenario (the PCM GCM run using B2 scenario and comparing 2070-2100 to 1970-2000), it seems likely 

that area burned will at least roughly double by the end of this century in most western states, and there 

seems to be no reason to believe it will decrease.
468

 Their analysis also revealed state-by-state variations 

in the sensitivity of fire to climate.
469

 For example at the low end, fire in California and Nevada appears to 

be relatively insensitive to changes in summer climate, and area burned in these states might not respond 

strongly to changed climate.
470

 For more information on projections specific to Northwest California, 

please refer to p. 72 in this section. 

In either wetter or drier conditions, models indicate that fire could reduce forest and woody vegetation 

cover in the West in a future warmer world (Figure 12).
471

 When coupled with higher atmospheric CO2 

concentrations and longer growing seasons, wetter conditions promote the expansion of woody 

vegetation.
472

 The build-up of fuels combined with natural climate variability, and the likely occurrence 

of longer and more intense periodic droughts in the future, increases the likelihood of wildfires.
473

 While 

                                                                                                                                                                           
relatively conservative, close to, or below the AOGCM ensemble average for the two temperature-related variables. 

For precipitation, the GFDL CM2.1 projections tended to lie in the lower half of the distribution, suggesting a slight 

tendency toward drier conditions. Krawchuk et al. conclude their results may be indicative of the general magnitude 

and direction of projected changes expected from a larger number of AOGCMs (see p. e5103). 
462

 Verbatim from Krawchuk et al. (2009, p. 9) 
463

 Nearly verbatim from Liu et al. (2010, p. 685). Trends in global wildfire potential in a changing climate. 
464

 Nearly verbatim from Spracklen et al. (2009, p. 7) 
465

 Nearly verbatim from Spracklen et al. (2009, p. 7). Spracklen et al. report statistical significance as p < 0.05. 

Spracklen et al. refer the reader to Table 2 in the cited article for this information. 
466

 Verbatim from Spracklen et al. (2009, p. 8) 
467

 Nearly verbatim from Spracklen et al. (2009, p. 8) 
468

 Nearly verbatim from McKenzie et al. (2004, p. 897) 
469

 Nearly verbatim from McKenzie et al. (2004, p. 897) 
470

 Nearly verbatim from McKenzie et al. (2004, p. 897) 
471

 Verbatim from Bachelet et al. (2007, p. 13) 
472

 Verbatim from Bachelet et al. (2007, p. 12). Bachelet et al. refer the reader to Figure 3 in the cited report for this 

information. 
473

 Verbatim from Bachelet et al. (2007, p. 12). Bachelet et al. cite Bachelet et al. (2001) for this information. 
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fuel loads are building, lightning and fire season length are expected to increase.
474

 Ironically, more 

frequent human-induced fires could reduce the fuel build-up that has resulted from fire suppression in dry 

forests, and it could therefore reduce fire danger in the long run.
475

 

Changes in relative humidity, especially drying over much of the West, are projected to increase the 

number of days of high fire danger (based on the Energy Release Component, ERC index) at least 

through the year 2089 in comparison to the base period (i.e., 2010-2029, 2030-2049, 2050-2069, and 

2070-2089 vs. 1975-1996; PCM run with business-as-usual scenario, CO2 doubles in 2070-2089).
476

 The 

Energy Release Component (i.e., an indicator of fire danger calculated as the available heat per unit area 

in kilojoules per square meter, kJ/m
2
) threshold index of 60 and greater (range: 0-100), which corresponds 

to many of the largest and most expensive fires, shows substantial consistency throughout the 21
st
 

century.
477

 Nearly all of the western U.S. is projected to experience increases in the number of days that 

this large threshold value is exceeded by as much as two weeks depending on the region (Table 15).
478

 

 

  

                                                      
474

 Verbatim from Bachelet et al. (2007, p. 12). Bachelet et al. cite Price & Rind (2004) for this information. 
475

 Verbatim from Bachelet et al. (2007, p. 12) 
476

 Nearly verbatim from Brown et al. (2004, p. 365). The impact of Twenty-First Century climate change on 

wildland fire danger in the western United States: an applications perspective. 
477

 Nearly verbatim from Brown et al. (2004, p. 384) 
478

 Verbatim from Brown et al. (2004, p. 384) 

Figure 12. Projected change in plant biomass burned by wildfires from historical conditions based on two different 

climate models (Model 1 = HADCM3; Model 2 = CGCM2) and using high (SRES A2) and low (SRES B2) 

greenhouse gas emission scenarios. Values are fractions compared to the present. Values greater than 1.00 are 

increases; values less than 1.00 are decreases. 

Source: Reproduced from Bachelet et al. (2007, Figure 4, p. 14) by authors of this report. 
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Table 15. Change in fire danger for medium and large fires, measured with the Energy Release Component 

(ERC) index, in the western U.S. for four future time periods compared to 1975-1996. 

Year 
Risk of medium sized fires: ERC 40-59  

(99-988 acres, 40-400 ha) 

Risk of large fires: ERC ≥ 60 

(>988 acres, >400 ha)  

2010-2029 
~ +1 week in MT and central CA 

Little change elsewhere 

+1 to 2 weeks across most of the West 

Exceptions: Pacific Coast, MT, WY, & CO 

2030-2049 

+1 to 2 weeks in MT 

~ +1 week in WA, northern ID, southeast NM 

~ -1 week in southern ID 

Little change elsewhere 

~ +1 week over much of the West 

Nearly +2 weeks in ID, eastern OR & WA 

2050-2069 
Nearly +1 week in western MT & WY 

~ -1 week in eastern OR & WA 

Similar to the 2030-2049 time period 

Largest increases in ID, eastern OR & WA 

2070-2089 
+1 to 2 weeks in CA, AZ, & NM 

Nearly -1 week in ID, eastern OR & WA 

Nearly +2 weeks over much of the West 

+40 to 55 average annual days in southern ID 

+110 to 120 average annual days in AZ 

Little or no change in MT, WY, & CO 

Source: Brown et al. (2004, p. 368, 371, 374-375, 377-379) 

Table created by authors of this report. In this study, the United States Department of Agriculture Forest 

Service National Fire Danger Rating System is used with output from a general circulation model (i.e., the 

Parallel Climate Model) to assess the impact of a business-as-usual climate scenario for the period 2010–2089 

over the western U.S.
479

 

 

Southcentral and Southeast Alaska 

In a study using the dynamic global vegetation model MC1, the model projects a northern expansion of 

temperate forests across the southern half of the state, primarily into tundra, which promotes more fires in 

the region because forests have a shorter fire return interval than tundra (2050-2099 vs. 1950-1999 under 

two climate change scenarios, CGCM1 and HADCM2SUL).
480

 The simulated area burned state wide is 

17%–39% greater between 2050 and 2100 than what was simulated between 1950 and 2000, with large 

interannual and interdecadal variability.
481

 

Perhaps the greatest change to forests surrounding Juneau will result from the introduction of fire.
482

 The 

hemlock and spruce dominated forests of coastal southeastern Alaska and British Columbia are not 

adapted to fire, and warmer weather, along with lightening as a source of ignition, will result in fire 

becoming a major disturbance force disrupting the rainforest environment.
483

 

                                                      
479

 Nearly verbatim from Brown et al. (2004, p. 368) 
480

 Verbatim from Bachelet et al. (2005, p. 2251). Bachelet et al. refer the reader to Table 2 in the cited article for 

this information. Note: Scenarios were based on greenhouse gas experiments with sulfate aerosols from the 

Canadian Climate Center (CGCM1) and the Hadley Centre (HADCM2SUL). 
481

 Verbatim from Bachelet et al. (2005, p. 2251). Bachelet et al. refer the reader to Figure 8 in the cited article for 

this information. 
482

 Verbatim from Kelly et al. (2007, p. 52) 
483

 Verbatim from Kelly et al. (2007, p. 52) 
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Western British Columbia 

Fire will probably continue to be a rare event on the wet coast.
484

 

Pacific Northwest 

The diverse vegetation types and carbon pools of the U.S. Pacific Northwest are tightly coupled to fire 

regimes that depend on climate and fire suppression.
485

 Changes in 21
st
 century climate are projected to 

cause an increase in wildfires in many ecosystems, which may adversely affect the terrestrial carbon 

sink.
486

 Growing evidence points towards increasing lightning activity (a common source of ignition) over 

the western U.S. under climate change.
487

 Projected temperature increases during the 21
st
 century could 

lead to larger and/or more frequent fires in drier climates if trends forecast from climate models occur, 

especially if precipitation does not increase.
488

 Specific projections for forest area burned include: 

 A 78% increase in forest area burned by the middle of the 21
st
 century is estimated for the Pacific 

Northwest (2050 vs. 2000).
489

  

 Increases of up to 6-fold in area burned are estimated for regions in the Pacific Northwest by the 

end of the century.
490

 

 In a modeling study of the western three-quarters of Washington and Oregon by Rogers et al. 

(2011), simulations displayed large increases in area burned (76%-310%) and burn severities 

(29%-41%) by the end of the 21
st
 century (2070-2099 vs. 1971-2000; CSIRO Mk3, MIROC 3.2 

medres, and Hadley CM3 GCMs under A2 emissions scenario) (Figure 29).
491

  

Using the U.S. Forest Service National Fire Danger Rating System Energy Release Component (NFDRS 

ERC, an indicator of fire severity and associated decision making), decadal scale trends of ERC fire 

danger in the context of a historical base or “observed” period (1975-1996) have been assessed.
492

 The 

Parallel Climate Model and a business-as-usual climate scenario for the period 2006-2099 over the 

western U.S. were used for the assessment.
493

 The ERC 60 and greater threshold represents the more 

extreme fire danger events (compared to ERC 40-59 events).
494

 For western Oregon, western Washington, 

                                                      
484

 Verbatim from Pojar (2010, p. 21) 
485

 Verbatim from Rogers et al. (2011, p. 1). Impacts of climate change on fire regimes and carbon stocks of the U.S. 

Pacific Northwest.  
486

 Verbatim from Rogers et al. (2011, p. 1). Rogers et al. cite Flannigan et al. (2009) for information on wildfire 

projections. For information on the terrestrial carbon sink, Rogers et al. cite Kasischke et al. (1995), Williams et al. 

(2004), and Mouillot & Field (2005). 
487

 Verbatim from Shafer et al. (2010, p. 184). Shafer et al. cite Price & Rind (1994) and Del Genio et al. (2007) for 

this information. 
488

 Verbatim from CIG (2004, p. 1) 
489

 Nearly verbatim from Shafer et al. (2010, p. 186). Shafer et al. cite Spracklen et al. (2009b) for this information. 
490

 Verbatim from Shafer et al. (2010, p. 186). Shafer et al. cite McKenzie et al. (2004) and Littell et al. (2009b) for 

this information. 
491

 Nearly verbatim from Rogers et al. (2011, p. 1) 
492

 Nearly verbatim from Brown et al. (2004, p. 368) 
493

 Brown et al. (2004, see p. 371) 
494

 Nearly verbatim from Brown et al. (2004, p. 378) 
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and northwestern California, the difference in the mean annual number of days with ERC threshold of 

≥60 for four future time periods compared to the 1975-1996 baseline are:
495 

 

 2010-2029: An increase of 0-3 days western Washington and northwestern Oregon, an increase 

of 3-6 days in eastern Puget Sound, Washington’s Cascade Mountain spine, the Portland metro 

area and areas east to the Cascade Mountain spine and the central Oregon coast, and 6-9 days in 

southern Oregon and northwestern California is projected.
496

 

 2030-2049: An increase of 0-3 days in western Washington and a small portion of northwestern 

Oregon, an increase of 3-6 days for the eastern Puget Sound and I-5 corridor through central 

Oregon, and an increase of 6-9 days along the Cascade Mountain spine, I-5 corridor in southern 

Oregon, and northwestern California is projected.
497

 

 2050-2069: An increase of 0-3 days in western Washington and a small portion of northwestern 

Oregon, an increase of 3-6 days in the Puget Sound region, the remainder of western Oregon, and 

portions of northwest California, and an increase of 6-9 days along the Cascade Mountain spine 

of Washington and northern Oregon is projected.
498

 

 2070-2089: An increase of 0-3 days in western Washington and a small portion of northwestern 

Oregon, an increase of 3-6 days in the eastern and southeastern Puget Sound to the Cascade 

Mountain spine of Washington and the remainder of the Oregon Coast, an increase of 6-9 days 

along the Cascade Mountain spine in Oregon and portions of northwestern California, and an 

increase of at least 9 days but less than 12 days in the central portion of northwestern California is 

projected.
499

 

Western Washington 

In Washington’s forested ecosystems (Western and Eastern Cascades, Okanogan Highlands, Blue 

Mountains) the mean area burned is expected to increase by a factor of 3.8 by the 2040s compared to 

1980-2006 (Figure 13; A1B and B1 scenarios, model projections based on Mote & Salathé’s [2010] delta-

method composite future climate).
500

 The largest proportional increases are in the Western Cascades and 

Blue Mountains, although the Western Cascades model was the weakest statistically acceptable model, 

and the area burned is still small despite the large proportional increase.
501

 

Across Washington State, future area burned projected from the best statistical model used by Littell et al. 

(2010) suggests a doubling or tripling by the 2080s:
502

  

 2020s: The future median regional area burned, averaged over both GCMs, is projected to 

increase from about 0.5 million acres (0.2 million hectares, ha) to 0.8 million acres (0.3 million 

ha).
503

 

                                                      
495

 Nearly verbatim from Figure 7 in Brown et al. (2004, p. 382) 
496

 This information was summarized from Figure 7 in Brown et al. (2004, p. 382) by the authors of this report. 
497

 This information was summarized from Figure 7 in Brown et al. (2004, p. 382) by the authors of this report. 
498

 This information was summarized from Figure 7 in Brown et al. (2004, p. 382) by the authors of this report. 
499

 This information was summarized from Figure 7 in Brown et al. (2004, p. 382) by the authors of this report. 
500

 Nearly verbatim from Littell et al. (2010, p. 142) 
501

 Verbatim from Littell et al. (2010, p. 142-143) 
502

 Nearly verbatim from Littell et al. (2010, p. 140). Littell et al. refer the reader to Figure 6 in the cited article for 

this information. 
503

 Nearly verbatim from Littell et al. (2010, p. 140, 142) 



 

 
72 

 2040s: The future median regional area burned, averaged over both GCMs, is projected to 

increase to 1.1 million acres (0.5 million ha).
504

 

 2080s: The future median regional area burned, averaged over both GCMs, is projected to 

increase to 2.0 million acres (0.8 million ha).
505

 The probability of exceeding the 95% quantile 

area burned for the period 1916-2006 increases from 0.05 to 0.48.
506

 

 

Western Oregon 

Despite the different seasonal climate conditions influencing fire occurrence for different forest types, an 

increase in fire activity is expected for all major forest types in Oregon and the western U.S. under 

projected climate changes.
507

 Please see the previous section on the Pacific Northwest for additional 

information on western Oregon. 

Northwest California 

Earlier snowmelt, higher temperatures and longer dry periods over a longer fire season will directly 

increase wildfire risk.
508

 Indirectly, wildfire risk will also be influenced by potential climate-related 

                                                      
504

 Nearly verbatim from Littell et al. (2010, p. 142) 
505

 Nearly verbatim from Littell et al. (2010, p. 142) 
506

 Verbatim from Littell et al. (2010, p. 142). Littell et al. refer the reader to Table 1 in the cited article for this 

information. 
507

 Verbatim from Shafer et al. (2010, p. 184). Shafer et al. refer the reader to Figures 5.3f and 5.3g in the cited 

report for this information. Shafer et al. also cite Bachelet et al. (2001), Whitlock et al. (2003), and Keeton et al. 

(2007) for this information. 
508

 Verbatim from Moser et al. (2012, p. 3) 

Figure 13. Projections of 

future area burned in WA's 

forested ecosections for 

which adequate statistical 

fire models could be 

constructed. All model 

projections were based on 

delta-method composite 

future climate (Mote & 

Salathé 2010). The values 

below each set box-and-

whiskers plots indicate the 

average of A1B (red) and B1 

(orange) future area burned 

estimates for the ecosections 

in hectares.  

Source: Modified from Littell 

et al. (2010, Figure 7, p. 

143) by authors of this 

report.  
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changes in vegetation and ignition potential from lightning.
509

 Human activities will continue to be the 

biggest factor in ignition risk.
510

 New studies in the California Climate Change Center’s third assessment 

demonstrate that the distribution of where and to what degree wildfire risk increases in California will 

also be driven to a large extent by changes in land use and development.
511

 

In either wetter or drier conditions, models indicate that fire could reduce forest and woody vegetation 

cover in the West in a future warmer world (Table 16).
512

 For instance, some climate models project an 

increase in annual average precipitation in California.
513

 Under these circumstances, the vegetation model 

simulates increased fire intensity and area burned because increased precipitation reduces fire and 

promotes fuel buildup during relatively wet years, setting the stage for larger, more intense fires during 

inevitable dry years.
514

 

Table 16. Impacts of future climate change on fire in Oregon and California. 

 Years Oregon California 

Area burned by wildfires 

1901-2000 

2001-2100 

3,299 km
2
 

0.21 

7,352 km
2
 

0.19 

2031-2060 +0.19 +0.14 

2071-2090 +0.57 +0.19 

Biomass burned by 

wildfires 

1901-2000 

2001-2100 

13.39 Tg C 

+0.08 

22.39 Tg C 

-0.23 

2031-2060 +0.01 -0.26 

2071-2090 +0.52 -0.25 

Source: Modified from Bachelet et al. (2007, Table 3, p. 15) by authors of this report. 

Note: Impacts of future climate change on fire simulated by vegetation model MC1 (Lenihan et al., 2003; Bachelet 

et al., 2001). Reported are area burned (km
2
) and biomass burned in Tg (million tons) C, averaged over the 

historical period, and future fractional changes for the entire 21
st
 century (2001–2100) and the middle (2031–2060) 

and late (2071–2090) 21
st
 century in the CGCM2 climate model and the SRES A2 greenhouse gas emission 

scenario. 

 

Previous research estimated that the long-term increase in fire occurrence associated with a higher 

emissions scenario is substantial:
515

  

 Projected increases in the number of large fires statewide range from 58 percent to 128 percent 

above historical levels by 2085.
516

  

 Under the same emissions scenario, estimated burned area will increase by 57 percent to 169 

percent, depending on location.
517

  

                                                      
509

 Verbatim from Moser et al. (2012, p. 3) 
510

 Verbatim from Moser et al. (2012, p. 3) 
511

 Nearly verbatim from Moser et al. (2012, p. 3) 
512

 Verbatim from Bachelet et al. (2007, p. 13) 
513

 Verbatim from Bachelet et al. (2007, p. 14). Bachelet et al. refer the reader to Figure 3 in the cited report for this 

information. Bachelet et al. also cite Price et al. (2004) for this information. 
514

 Verbatim from Bachelet et al. (2007, p. 14). Bachelet et al. cite Lenihan et al. (2003) for this information. 
515

 Nearly verbatim from Moser et al. (2012, p. 3) 
516

 Nearly verbatim from Moser et al. (2012, p. 3) 
517

 Verbatim from Moser et al. (2012, p. 3) 
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Statistical fire model predictions of the probability of burning for a ~3540 foot (1080 meter) landscape by 

Krawchuk & Moritz (2012) show (2010-2039, 2040-2069, and 2070-2099 vs. 1971-2000 run with 

warmer-drier GFDL CM2.1 and warmer-wetter PCM, and each run under A1 and B1):  

 A greater change in the probability of burning in the distant future (2070-2099) than near future 

(2010-2039), as would be expected from the greater changes in climate by the end of the 

century.
518

  

 The magnitude of changes in the probability of burning were much greater for those landscapes 

likely to incur increases (i.e., more fire) than decreases, with most extreme increases roughly 

three to four times greater than extreme decreases.
519

  

 In general, the direction of projected change was the same for the probability of at least one fire, 

and for two or more fires, but there were exceptions, largely in drier landscapes in eastern 

California.
520

  

 Changes in the mean fire frequency varied across the State (Figure 14).
521

  

 The largest changes in mean fire return interval (mFRI) were found within the current geographic 

range of the Douglas-fir Wildlife Habitat Relationship (WHR) type, with a median fire return 

interval dropping by almost 100 years by 2070-2099 (Figure 15).
522

 Results for the Redwood 

WHR, found in northwest California, are also available (Figure 15). 

In a similar study by Westerling & Bryant (2008), the probability of fires exceeding a threshold of ~500 

acres (200 hectares) in 2005-2034, 2035-2064, and 2070-2099 (vs. a modeled 1961-1990 baseline; GFDL 

and PCM GCMs under A2 and B1) was estimated using a logistic probability model for California and 

neighboring states.
523

 Projected increases in Northern California ranged from +15% (B1 PCM) to +90% 

(A2 GFDL), increasing with temperature.
524

 Table 1 in Westerling & Bryant indicates the projected 

increase under B1 GFDL is 38%; the projected increase under A2 PCM is 37%.
525

 Westerling & Bryant 

(2008) note the reader should not place too much emphasis on the numerical levels of any one aspect of 

the model’s results in isolation, but instead assess the direction and degree of change in each scenario 

relative to the others.
526

 

In a later study projecting the current managed fire regimes of California onto future scenarios for 

climate, population and development footprint, the increase in wildfire burned area associated with the 

higher emissions pathway (A2) is substantial, with increases statewide ranging from 36% to 74% by 

2085, and increases exceeding 100% in much of the forested areas of Northern California in every SRES 

A2 scenario by 2085 (Figure 16) (2005-2034, 2035-2064, and 2070-2099 vs. 1961-1990; CNRM CM3, 

                                                      
518

 Nearly verbatim from Krawchuk & Moritz (2012, p. 23) 
519

 Nearly verbatim from Krawchuk & Moritz (2012, p. 23) 
520

 Nearly verbatim from Krawchuk & Moritz (2012, p. 23-24) 
521

 Nearly verbatim from Krawchuk & Moritz (2012, p. 37) 
522

 Nearly verbatim from Krawchuk & Moritz (2012, p. 37) 
523

 Westerling & Bryant (2008, p. S232) 
524

 Nearly verbatim from Westerling & Bryant (2008, p. S244). Westerling & Bryant refer the reader to Table 1 and 

Figure 6 in the cited article for this information. 
525

 Westerling & Bryant (2008, Table 1, p. S245) 
526

 Nearly verbatim from Westerling & Bryant (2008, p. S248) 
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GFDL CM2.1, and NCAR PCM1, each run under A2 and B1).
527

 Earlier in the 21
st
 century, initial 

increases for burned area are relatively modest, with little difference between emissions scenarios: 

 By 2020, the increases range from 6% to 23%, with median increases between 15% and 19%.
528

  

 By 2050 the spread in modeled outcomes widens, with predicted increases in burned area ranging 

from 7% to 41%, and median increases between 21% and 23%, but again differences due to 

emissions scenarios are relatively small compared to other factors.
529

  

 By 2085, the range of modeled outcomes is very large, with total burned area increasing 

anywhere from 12% to 74%.
530

 On average, the largest increases occur in 2085 for SRES A2 

scenarios, with a median statewide increase in burned area of 44%, and the biggest increases 

occurring for the warmer, drier GFDL CM2.1 and CNRM CM3 model runs (range: 38% – 74%, 

median 56%).
531

  

In a modeling study using the MC1 dynamic general vegetation model (comparing 2070-2099 vs. 1961-

1990 run using the GFDL-A2, GFDL-B1, and PCM-A2 scenarios), the future trends in simulated total 

area burned in California were characterized by considerable interannual variability, but for nearly every 

year during the future period, total area burned was greater than the simulated mean total annual area 

burned over the 1895 – 2003 historical period.
532

 By the end of the century, predicted total annual area 

burned ranged from 9% to 15% greater than historical.
533

 Figure 17 shows the percent change in mean 

annual area burned for the 2050 – 2099 future period relative to the mean annual area burned for the 

historical period (1895 – 2003) for the entire state. 

Climatic change results in more frequent and more intense fires in northern California, where escape 

frequencies increased by more than 100%, based on relatively conservative GCM output and despite more 

extensive utilization of available fire-fighting resources (2 x CO2 vs. present CO2; Changed Climate Fire 

Modeling System with climate change scenarios based on GISS).
534

 By using “conservative” climate 

model projections and disregarding various feedbacks (e.g., indirect effects of climate change on rates of 

plant growth or vegetation distribution, effects of increased lightning on ignitions), the estimates reported 

represent a minimum expected change, or best-case forecast (emphases in original).
535

 The greatest 

increases in fire spread rates and area burned occur in landsapes dominated by grass and brush.
536

 

However, climate change had little impact in the Humboldt ranger unit due to comparatively slow fires, 

effective fire suppression, and GCM predictions of a wetter, less windy climate.
537

 Like the redwood 

                                                      
527

 Nearly verbatim from Westerling et al. (2011, p. S445). Climate change and growth scenarios for California 

wildfire. 
528

 Nearly verbatim from Westerling et al. (2011, p. S457) 
529

 Verbatim from Westerling et al. (2011, p. S457) 
530

 Verbatim from Westerling et al. (2011, p. S457) 
531

 Verbatim from Westerling et al. (2011, p. S457) 
532

 Nearly verbatim from Lenihan et al. (2008a, p. S224-S225). Response of vegetation distribution, ecosystem 

productivity, and fire to climate change scenarios for California. Lenihan et al. refer the reader to Figure 7a in the 

cited article for information on the interannual variability of simulated total area burned.  
533

 Nearly verbatim from Lenihan et al. (2008a, p. S225) 
534

 Verbatim from Fried et al. (2004, p. 188). The impact of climate change on wildfire severity: A regional forecast 

for northern California. 
535

 Nearly verbatim from Fried et al. (2004, p. 184) 
536

 Verbatim from Fried et al. (2004, p. 188) 
537

 Nearly verbatim from Fried et al. (2004, p. 179) 
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forests of Santa Clara, those in Humboldt showed almost no change in escapes or area burned.
538

 The 

small area of grassland in Humboldt experienced a decrease in burned area and suppression efforts (Table 

17).
539

  

Table 17. Simulated annual escape frequency and area burned by contained fires under present and double-CO2 

climate scenarios, organized by vegetation fuel type for California Department of Forestry and Fire Protection, 

Humboldt Ranger Unit. 

Fuel Type 
Number of 

fires 

Number of escapes Hectares in contained fires 

Present 

climate 
2 x CO2 % Change 

Present 

climate 
2 x CO2 % Change 

Grass 15.1 0.0 0.0 0 15.5 11.4 -27 

Redwood 158.9 0.6 0.6 0 83.7 80.1 -4 

Overall 174.0 0.6 0.6 0 99.3 91.5 -8 

Source: Modified from Fried et al. (2004, Table II, p. 179) by authors of this report. 

Information Gaps 

The role of future fire in forested landscapes depends as much or more on fire effects and fire severity as 

on the area burned.
540

 Physically based models at finer spatial scales are needed to address impacts of 

changing fire regimes on vegetation and watershed hydrology.
541

 The impacts and benefits of silvicultural 

treatments on forest ecosystem processes such as fire severity are generally poorly quantified.
542

 

Because land-cover patterns can affect atmospheric circulation and cloud formation, changes in forest 

structure in the aftermath of fire, wind or ice storms, hurricanes, landslides, drought, and pest outbreaks 

may alter weather or climate conditions.
543

 This interaction needs to be studied and better understood.
544

 

In a study of the effects of bark beetle-caused tree mortality on wildfire, Hicke et al. (2012) state several 

fuels and fire characteristics have either no or few studies associated with them or a significant amount of 

disagreement, suggesting gaps in understanding.
545

 Changes in fuels and fire behavior in the red phase 

(i.e., the condition of a dead tree approximately 1 to 4 years after bark beetle attack, referring to the often 

reddish color of the dried needles) the condition of a tree, are not well understood.
546

 Additional studies 

are needed on the effects of altered foliar moisture and volatile organic compounds on fire behavior in 

forest types other than lodgepole pine.
547

 In addition, more information is required on the influence of red 

phase stands on fire characteristics in less extreme weather conditions (e.g., early season, lower wind 

speeds).
548

 The influence of a range of mortality rates and times since initial attack within a stand on fire 

behavior has not been documented, yet most studies reported a mixture of green, red, and/or gray trees 

                                                      
538

 Verbatim from Fried et al. (2004, p. 179) 
539

 Verbatim from Fried et al. (2004, p. 179) 
540

 Verbatim from Littell et al. (2010, p. 153) 
541

 Verbatim from Littell et al. (2010, p. 153) 
542

 Verbatim from Littell et al. (2010, p. 153) 
543

 Verbatim from Dale et al. (2008, p. 732). Dale et al. cite Segal et al. (1988) for information on the effects of 

atmospheric circulation and cloud formation on land-cover patterns. 
544

 Verbatim from Dale et al. (2008, p. 732) 
545

 Nearly verbatim from Hicke et al. (2012, p. 88) 
546

 Nearly verbatim from Hicke et al. (2012, p. 88) 
547

 Verbatim from Hicke et al. (2012, p. 88) 
548

 Verbatim from Hicke et al. (2012, p. 88) 
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within an attacked stand (i.e., gray trees refer to the condition of a dead tree approximately 3 to 5 years 

after bark beetle attack, when needles drop from the tree, leaving the grayish bark highly visible).
549

 

Documenting responses of fuels and fire characteristics across a gradient of mortality is critical for 

understanding if thresholds representing major shifts exist.
550

 Studies of ember and firebrand production 

and spotting in beetle-attacked locations are needed to improve understanding of fire behavior or large 

fire events.
551

 

Furthermore, multiple key processes in beetle-attacked stands need study.
552

 Wide ranges of snagfall rates 

have been published; additional research is needed to understand this range and develop models.
553

 

Studies have documented increases in herbaceous and/or shrubby vegetation following beetle outbreaks, 

yet the net impacts on increased fuel loads, ladder fuels, and fuel moisture have yet to be determined.
554

 

Few studies have addressed microclimate changes, yet simulations have highlighted the importance of 

altered wind speeds.
555

 Other microclimate effects, such as on snowpack accumulation and duration and 

subsequent influences on fuel moisture during spring and summer, have yet to be quantified.
556

 Few 

studies have addressed drier forest types such as ponderosa pine or piñon pine (Pinus edulis and Pinus 

monophylla).
557

 

Regarding the effects of invasive plants on fire regimes, research should focus both on the mechanisms by 

which invasive plant-fire regime cycles become established and on the management tools that can be used 

to reverse these changes or otherwise mitigate their negative effects.
558

  

                                                      
549

 Nearly verbatim from Hicke et al. (2012, p. 88) 
550

 Verbatim from Hicke et al. (2012, p. 88) 
551

 Verbatim from Hicke et al. (2012, p. 88) 
552

 Nearly verbatim from Hicke et al. (2012, p. 88) 
553

 Verbatim from Hicke et al. (2012, p. 88). Hicke et al. cite Mielke (1950), Keen (1955), Schmid et al. (1985), and 

Mitchell & Preisler (1998) as examples of studies on snagfall rates. 
554

 Verbatim from Hicke et al. (2012, p. 88). Hicke et al. cite McCambridge et al. (1982), Reid (1989), Schulz 

(1995), Stone & Wolfe (1996), McMillin et al. (2003), Page & Jenkins (2003b), and Klutsch et al. (2009) as 

examples of studies on increases in herbaceous and/or shrubby vegetation following beetle outbreaks. Hicke et al. 

cite Kaufmann et al. (2008) for information on net impacts on increased fuel loads, ladder fuels, and fuel moisture. 
555

 Verbatim from Hicke et al. (2012, p. 88). Hicke et al. cite Simard et al. (2011) for information on microclimate 

changes, and Page & Jenkins (2007a) for information on simulations highlighting the importance of wind speeds. 
556

 Verbatim from Hicke et al. (2012, p. 88) 
557

 Nearly verbatim from Hicke et al. (2012, p. 88) 
558

 Nearly verbatim from Brooks et al. (2004, p. 687). Effects of invasive alien plants on fire regimes. 
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Figure 14. Mean Fire Return Interval (mFRI, 30 ÷ Expected Number of Fires) for 1971-2000 and 2070-2099 for (a-

b) GFDL and (c-d) PCM GCMs. Urban, agricultural, and water are masked in grey. Source: Reproduced from 

Krawchuk & Moritz (2012, Figure 17, p. 33) by authors of this report.  
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Figure 15. Box and Whisker Plots of mean fire return interval for 1971-2000, 2010-2039, and 2070-2099 based on 

GFDL and PCM GCMs for the Douglas-fir and Redwood Wildlife Habitat Relationship (WHR) Types. Note: 

outliers are not shown. The spatial distribution of each WHR is shown alongside the distributions of return interval. 

Source: Modified from Krawchuck & Moritz (2012, Figure 18, p. 36) by authors of this report.  
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Figure 17. Percent change in mean annual area burned for the 2050 – 2099 future period relative to the mean annual 

area burned for the historical period (1895 – 2003).  

Source: Reproduced from Lenihan et al. (2008a, Fig. 8, p. S226) by authors of this report.   

Figure 16. 2085 Predicted burned area as a multiple of reference period predicted burned area for three SRES 

A2 climate scenarios: a NCAR PCM1, b CNRM CM3, and c GFDL CM2.1, with high population growth, high 

sprawl, and a high threshold housing density for defining the limit to the wildland urban interface. The location 

of fire regimes is assumed to be fixed. A value of “ 1 ” indicates burned area is unchanged, while 4+ indicates 

that burned area is 400% or more of the reference period (i.e., a 300% increase). 

Source: Reproduced from Westerling et al. (2011, Figure 5, p. S458) by authors of this report. 
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4. Altered insect, pathogen, and disease regimes  

Infectious disease organisms are a focal group of species that will be greatly affected by climate change 

and that strongly interact with, and influence the size of, plant and animal populations.
559

 New species 

interactions, caused by wildlife range shifts in response to warming, will lead to new disease exposures, 

and latitudinal and altitudinal shifts in insect vectors will bring a suite of new diseases.
560

 

In general, warming is likely to encourage northward expansion of more southern insects and diseases, 

while longer growing seasons may allow more 

insect generations per year.
561

 Increased warming 

would most likely increase the diversity of insects at 

higher latitudes.
562

 Because climate change can both 

directly and indirectly affect herbivores (i.e., 

herbivorous insects) and pathogens through various 

processes, the ultimate effects on patterns of 

disturbance include increased disturbance in some 

areas and decreased disturbance in others.
563

 

Population irruptions (i.e., a sudden increase in 

population, occurring particularly when the natural 

ecological balance is disturbed) of phytophagous 

(i.e., feeding on plants) insects – disturbance events 

important to forest ecosystem functioning – are also 

directly sensitive to climate change components.
564 

Although there are many possible avenues for 

atmospheric changes to influence phytophagous 

insect outbreaks, because of the direct link between 

insect population success and seasonal temperature, 

outbreaks are predicted to be affected dramatically 

by global warming.
565 

 

 

                                                      
559

 Verbatim from Running & Mills (2009, p. 23). Running & Mills cite Harvell et al. (2002) for this information. 
560

 Verbatim from Running & Mills (2009, p. 23). Running & Mills cite Parmesan & Yohe (2003) for information 

on new species interactions caused by range shifts in response to warming. Running & Mills cite Kovats et al. 

(1999) for information on new diseases brought on by latitudinal and altitudinal shifts in insect vectors.  
561

 Verbatim from Shafer et al. (2010, p. 185) 
562

 Verbatim from Dale et al. (2008, p. 727) 
563

 Verbatim from Dale et al. (2008, p. 727) 
564

 Nearly verbatim from Bentz et al. (2010, p. 602). Climate change and bark beetles of the western United States 

and Canada: direct and indirect effects. Bentz et al. cite Dale et al. (2001) for this information. 
565

 Verbatim from Bentz et al. (2010, p. 602). Bentz et al. cite Danks (1987) for information on the link between 

insect population success and seasonal temperature, and Bale et al. (2002) for information on outbreaks being 

affected by global warming. 

Key Terms in this Section  

Epidemic: a change in disease intensity in 
populations over time and space, most often used to 
describe a widespread and severe outbreak 

Pathogen: a bacterium, virus, or other 
microorganism that can cause disease; in forests, these 
include fungi, oomycetes (i.e., nonphotosynthetic fungi, 
commonly called water molds), bacteria, phytoplasmas 
(i.e., specialized bacteria that serve as obligate parasites 
of plant phloem tissue and transmitting insects), 
parasitic higher plants, viruses and nematodes (a type 
of worm). 

Plant disease: “any malfunctioning of host cells 
and tissues that results from continuous irritation by a 
pathogenic agent or environmental factor and leads to 
the development of symptoms” (Agrios 2005, as cited 
in Sturrock et al. 2011, p. 134); requires a 
susceptible host plant, a virulent pathogen, and a 
favorable climate or environment 

Sources: Sturrock et al. (2011) 
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Causes and types of disturbance from insects, pathogens, & disease in 

the NPLCC region 

Native bark beetles (i.e., of the Order Coleoptera, Family Curculionidae, and Sub-family Scolytinae), 

which evolved within the coniferous forest ecosystems of western North America, are key agents of 

change in these systems (Table 18).
566

 Extensive host abundance and susceptibility, concentrated beetle 

density, favorable weather, optimal symbiotic associations, and escape from natural predators must occur 

jointly for beetles to surpass a series of thresholds and exert widespread disturbance.
567

 Beetle outbreaks 

raise tree mortality rates and can result in subsequent replacement by other tree species and plant 

associations.
568

 However, bark beetle attacks impact energy, water, carbon, and nitrogen cycling without 

immediately altering the physical structure of forests, thus differing from fire or logging disturbances.
569

 

Increasing temperatures and forest homogeneity increase the likelihood of beetles exceeding thresholds, 

beyond which they generate amplifying feedback at scales from trees to landscapes.
570

 Climate change 

may affect the dynamics of herbivorous insect populations in two ways: directly, through the 

physiological processes of individual insects, and indirectly, through their host plants and natural enemies 

(Figure 18):
571

 

 Direct effects of climate change: Because of differences in temperature-dependent life-history 

strategies, including cold-induced mortality and developmental timing, responses to warming will 

differ among and within bark beetle species.
572 

Increasing winter temperatures enhance winter 

survival probability of the bark beetle, particularly in high elevation areas.
573

 

 Indirect effects of climate change: The success of bark beetle populations will also be 

influenced indirectly by the effects of climate on community associates and host-tree vigor, 

although little information is available to quantify these relationships.
574

 Well-documented 

positive relationships exist between bark beetle outbreaks and fire: trees weakened by fire have a 

higher vulnerability to insect attacks.
575

 Similarly, insect outbreaks increase fuel loads and thus 

fire hazard and severity.
576

 In addition, host susceptibility may increase under climate change as a 

result of increased drought stress.
577

 The highest vulnerability occurs during extremely high 

                                                      
566

 Nearly verbatim from Bentz et al. (2010, p. 602) 
567

 Verbatim from Raffa et al. (2008, p. 501). Cross-scale drivers of natural disturbances prone to anthropogenic 

amplification: the dynamics of bark beetle eruptions. 
568

 Verbatim from Bentz et al. (2010, p. 602). Bentz et al. cite Veblen et al. (1991) for this information. 
569

 Verbatim from Edburg et al. (2012, p. 416). Edburg et al. cite Brown et al. (2010) and Pugh & Small (2012) for 

this information. 
570

 Verbatim from Raffa et al. (2008, p. 512) 
571

 Verbatim from Williams & Liebhold. (2002, p. 88). Climate change and the outbreak ranges of two North 

American bark beetles. Williams & Liebhold cite Mattson & Haack (1987), Heliövaara et al. (1991), Porter et al. 

(1991), Cammell & Knight (1992), and Landsberg & Stafford Smith (1992) for this information. 
572

 Verbatim from Bentz et al. (2010, p. 602) 
573

 Verbatim from Shafer et al. (2010, p. 184). Shafer et al. cite Regniere & Bentz (2007) and Bentz (2008) for this 

information. 
574

 Verbatim from Bentz et al. (2010, p. 602) 
575

 Verbatim from Shafer et al. (2010, Case Study 2, p. 186). Shafer et al. cite Hood & Bentz (2007), Breece et al. 

(2008), and Youngblood et al. (2009) for this information. 
576

 Verbatim from Shafer et al. (2010, Case Study 2, p. 186). Shafer et al. cite Lundquist (2007), Page & Jenkins 

(2007), and Jenkins et al. (2008) for this information. 
577

 Verbatim from Shafer et al. (2010, p. 184) 
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temperature and extended drought, weakening the ability of trees to repel beetle parasitism.
578

 

However, in order to overwhelm a tree’s defense system, the mountain pine beetle depends on a 

synchronous emergence of a large number of adult beetles at an appropriate time of the year (a 

phenomenon referred to as “adaptive seasonality”).
579

  

 

Outbreaks of forest diseases caused by native and introduced forest pathogens are predicted to become 

more frequent and intense as drought and other abiotic stressors are amplified under climate change.
580

 

However, uncertainty pervades predictions about the future impacts of these diseases, in part because the 

effects of climate change on host-pathogen interactions are complex.
581

 Climate influences the survival 

and spread of pathogens as well as the susceptibility of their hosts.
582

 Climate change could alter the 

stages and rates of development of the pathogen, modify host resistance, and lead to changes in the 

physiology of host-pathogen interactions.
583

 The most likely effects are changes in the geographical 

distribution of hosts and pathogens and changes in mortality of hosts, caused in part by changes in the 

efficacy of control strategies.
584

 Fungi that cause foliar disease may be more responsive to climate change 

than most other organisms that cause forest disease because their ability to sporulate (i.e., to produce or 

form a spore) and infect is strongly associated with changes in temperature and precipitation.
585

  

                                                      
578

 Verbatim from Shafer et al. (2010, p. 184). Shafer et al. cite Littell (2009b) for information on highest 

vulnerability and Raffa et al. (2008) for information on the weakened ability of trees to repel beetle parasitism. 
579

 Verbatim from Shafer et al. (2010, p. 184) 
580

 Verbatim from Sturrock et al. (2011, p. 144) 
581

 Verbatim from Sturrock et al. (2011, p. 144) 
582

 Verbatim from Kliejunas (2011, p. 7). A Risk Assessment of Climate Change and the Impact of Forest Diseases 

on Forest Ecosystems in the Western United States and Canada. 
583

 Verbatim from Kliejunas (2011, p. 7) 
584

 Verbatim from Kliejunas (2011, p. 7) 
585

 Verbatim from Kliejunas (2011, p. 13). Kliejunas cites Gadgil (1977), Hoff (1985), and Peterson (1973) for this 

information. 

Figure 18. General pathways 

by which atmospheric 

changes associated with 

increasing greenhouse gases 

can influence forest 

disturbance from insects and 

pathogens. CO2 = carbon 

dioxide, CH4 = methane.  

Source: Reproduced from 

Ryan et al. (2012, Figure 2.9, 

p. 25) by authors of this 

report. 
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Although it is uncertain how specific forest pathogens will respond to climate change, some general 

inferences (i.e., based on ecological principles) can be drawn:
586

 

 The effects of climate change on individual plant diseases will depend on the ecosystem and 

climate conditions.
587

 The distribution of pathogens and diseases, and their influence on the status 

and trend of forests, will change.
588

 The ranges of some diseases will expand, whereas the ranges 

of other diseases will shift.
589

 The influence of pathogens on the status and function of forests 

may change coincident with changes in species composition and climate.
590

 

 Climate change affects forest diseases, increasing the ability of pathogens to survive through the 

winter and shortening regeneration times of bacteria and fungi.
591

 Many pathogens currently are 

limited by winter temperature, and seasonal increases in temperature are expected to be greatest 

during winter.
592

 Therefore, both overwintering survival of pathogens and disease severity are 

likely to increase.
593

 

 Climate change will alter the epidemiology of plant diseases.
594

 Rapid climate change and 

unstable weather will make prediction of disease outbreaks more difficult.
595

 

 The rate at which pathogens evolve and overcome host resistance may increase.
596

 

 Because climate affects both host susceptibility to pathogens and pathogen reproduction and 

infection, the most substantial effect of climate change on plant diseases may be changes in 

interactions between biotic diseases and abiotic stressors.
597

 

 Climate change may facilitate invasion by new nonnative pathogens and thus new epidemics.
598

 

 Other indirect effects include the impacts of climate on competitors and natural enemies that 

regulate the abundance of potential pests and pathogens.
599

 

Sturrock et al. (2011) divided diseases and their causal pathogens or agents into three groups: 

 Diseases caused by pathogens directly affected by climate (e.g., sudden oak death, 

Dothistroma needle blight, Swiss needle cast, white pine blister rust): This group of pathogens 

can cause disease in a healthy, vigorous host, if the pathogen’s environmental requirements are 

met.
600

 Their life cycles are directly affected by temperature and moisture.
601

 In these cases, 

changes in temperature and moisture more directly affect the pathogen regardless of their effects 

on the host.
602

 

                                                      
586

 Nearly verbatim from Kliejunas (2011, p. 7) 
587

 Verbatim from Kliejunas (2011, p. 7) 
588

 Verbatim from Kliejunas (2011, p. 7) 
589

 Verbatim from Kliejunas (2011, p. 7) 
590

 Verbatim from Kliejunas (2011, p. 7) 
591

 Verbatim from Shafer et al. (2010, p. 185) 
592

 Verbatim from Kliejunas (2011, p. 7) 
593

 Verbatim from Kliejunas (2011, p. 7) 
594

 Verbatim from Kliejunas (2011, p. 8) 
595

 Verbatim from Kliejunas (2011, p. 8) 
596

 Verbatim from Kliejunas (2011, p. 8) 
597

 Verbatim from Kliejunas (2011, p. 8) 
598

 Verbatim from Kliejunas (2011, p. 8) 
599

 Verbatim from Dale et al. (2008, p. 727) 
600

 Verbatim from Sturrock et al. (2011, p. 135) 
601

 Verbatim from Sturrock et al. (2011, p. 135) 
602

 Verbatim from Sturrock et al. (2011, p. 135) 
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 Diseases caused by pathogens indirectly affected by climate (e.g., Armillaria root disease, 

canker pathogens such as cytospora canker of alder): Whilst the ability of these pathogens to 

sporulate (i.e., produce or release spores), spread and infect new hosts is affected by temperature 

and moisture, factors that stress their hosts are often critical to their successful invasion of host 

tissues.
603

 Pathogens indirectly affected by climate tend to infect hosts that are stressed by (i) 

environmental factors, (ii) pathogens directly affected by climate, or (iii) insects.
604

 

 Decline diseases (e.g., oak decline, yellow-cedar decline): Forest declines are diseases caused by 

a complex of predisposing, inciting and contributing factors (i.e., respectively, these factors are 

long-term, static, or slowly changing; short-term; and, usually secondary pathogens or insects that 

kill trees already affected by the other factors).
605

 As these difficulties accumulate the tree 

gradually becomes less able to produce, store and mobilize carbohydrates.
606

 It typically develops 

symptoms of “dieback,” and unless the situation improves significantly the tree eventually dies.
607

 

For additional information on yellow-cedar decline, please see Chapter VI.2. 

Diseases and pathogens currently found or projected to be found in the NPLCC region include: 

 Swiss needle cast: Swiss needle cast (i.e., a fungal foliage disease) of Douglas-fir is caused by 

Phaeocryptopus gaeumannii and symptoms include chlorosis (i.e., abnormal reduction or loss in 

the green color of leaves), reduced needle retention, and reduce tree growth.
608

 P.gaeumannii is 

native to the Pacific Northwest.
609

 Accumulating evidence supports Boyce’s (1940) hypothesis 

that warm, humid summers with episodic rain are highly conducive to fungal growth and may 

allow the disease to reach epidemic levels, even in areas where it is native.
610

 The primary 

mechanism of damage appears to be the fruiting bodies produced in the stomatal apertures.
611

 The 

fruiting bodies occlude the stomates and reduce rates of carbon dioxide assimilation.
612

 

 Sudden oak death: a disease of oak trees caused by the non-native pathogen Phytophthora 

ramorum. Temperatures for optimal growth of P. ramorum are between approximately 64 °F and 

72 °F (18-22 °C).
613

 In addition to mild and wet conditions, heavy precipitation events facilitate 

infection of new trees.
614

 Infected trees are more susceptible to mortality during droughts, which 

can lead to large diebacks of infected trees during extended drought periods.
615

  

 Dothistroma needle blight: Dothistroma needle blight is primarily caused by Dothistroma 

septosporum (i.e., a fungal foliar disease).
616

 Infection depends on several factors including the 

                                                      
603

 Verbatim from Sturrock et al. (2011, p. 139) 
604

 Verbatim from Sturrock et al. (2011, p. 139) 
605

 Verbatim from Sturrock et al. (2011, p. 140) 
606

 Verbatim from Sturrock et al. (2011, p. 140) 
607

 Verbatim from Sturrock et al. (2011, p. 140) 
608

 V7erbatim from Sturrock et al. (2011, p. 138) 
609

 Verbatim from Kliejunas (2011, p. 15) 
610

 Verbatim from Kliejunas (2011, p. 15) 
611

 Verbatim from Kliejunas (2011, p. 16) 
612

 Verbatim from Kliejunas (2011, p. 16). Kliejunas cites Manter & others (2000) for this information. 
613

 Verbatim from Kliejunas (2011, p. 22). Kliejunas cites Werres & others (2001) for this information. 
614

 Verbatim from Shafer et al. (2010, p. 185). Shafer et al. cite Anacker et al. (2008) for information on mild and 

wet conditions, and Rizzo & Garbelotto (2003) for information on heavy precipitation events. 
615

 Verbatim from Shafer et al. (2010, p. 185). Shafer et al. cite Frankel (2008) for this information. 
616

 Verbatim from Kliejunas (2011, p. 9) 
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period of needle wetness, temperature, and the quantity of spores available for infection.
617

 

Moisture is required for germination.
618

 Ten or more consecutive hours of needle wetness are 

usually required for infection by D. septosporum.
619

 The suitable temperature range for infection 

is 41-77 °F (5-25 °C), with an optimum of ~61-68 °F (16-20 °C).
620

 The optimum temperature for 

successful establishment following germination is approximately 54-64 °F (12-18 °C) when 

humidity is high.
621

 Damage is typically limited to reduced tree vigor and growth in response to 

defoliation.
622

 Mortality is rare but has occurred in stands with successive years of severe 

defoliation.
623

  

 White pine blister rust (Figure 19; Cronartium ribicola): 

Blister rust infection of pines results in branch dieback, 

reproductive failure, and tree mortality.
624

 The synergistic effects of 

C. ribicola, drought, increasing temperatures, and mountain pine 

beetle are considered the ultimate cause of the high mortality 

observed in many high-elevation populations of white pine.
625

 

However, white pine blister rust is considered a cool weather 

disease (basidiospore germination – germination from a spore-

bearing structure produced by certain fungi – and infection occurs 

from about 32 to 68 °F, 0 to 20 °C), with spread driven largely by 

moisture, air temperature, and air circulation.
626

 Since infection 

requires a cool, moisture-saturated environment, conditions suitable 

for C. ribicola to cause infection will decrease with fewer wet 

periods in spring or early summer.
627

 The probability of years when 

weather conditions especially favorable for new infections result in 

significant intensification and spread (wave years) will diminish as 

the climate becomes warmer and drier, resulting in less rust 

infection.
628

  

 Cytospora canker (Cytospora umbrina): The pathogen is 

native and was first reported in Alaska in the 1930s.
629

 The 

                                                      
617

 Verbatim from Kliejunas (2011, p. 12). Kliejunas cites Bulman (1993) for this information. 
618

 Verbatim from Kliejunas (2011, p. 12) 
619

 Verbatim from Sturrock et al. (2011, p. 137). Sturrock et al. cite Gadgil (1974) and Bulman (1993) for this 

information. 
620

 Verbatim from Sturrock et al. (2011, p. 137). Sturrock et al. cite Bulman (1993) for this information. 
621

 Verbatim from Kliejunas (2011, p. 12). Kliejunas cites Brown & Webber (2008) for this information. 
622

 Verbatim from Kliejunas (2011, p. 10). Kliejunas cites Bingham & others (1971) and Patton (1997) for this 

information. 
623

 Verbatim from Kliejunas (2011, p. 10). Kliejunas cites Bradshaw (2004) for this information. 
624

 Verbatim from Kliejunas (2011, p. 25) 
625

 Verbatim from Kliejunas (2011, p. 25). Kliejunas cites Gibson & others (2008), Kegley & others (2004), Logan 

& Powell (2001), and Tomback & Achuff (2010) for this information. 
626

 Nearly verbatim from Sturrock et al. (2011, p. 138). Sturrock et al. cite Van Arsdel (1965) for this information. 
627

 Verbatim from Sturrock et al. (2011, p. 138) 
628

 Verbatim from Sturrock et al. (2011, p. 138). Sturrock et al. cite Kinloch (2003) for this information. 
629

 Verbatim from Kliejunas (2011, p. 30). Kliejunas cites Trummer (2006) for this information. 

Figure 19. White pine blister rust, 

caused by Cronartium ribicola, on 

sugar pine at Happy Camp, CA, USA.  

Source: Reproduced from Sturrock et 

al. (2011, Figure 2, p. 138) by 

authors of this report. 
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pathogen kills vascular tissues; causes elongated, girdling stem cankers; and frequently causes 

stem dieback and mortality.
630

 Temperature-induced drought stress may increase host 

susceptibility and disease severity.
631

 

 Dwarf mistletoe (Arceuthobium spp.): Dwarf mistletoes are parasitic flowering plants that infect 

conifers, producing characteristic aerial shoots that are leafless and yellow to orange or green to 

brown.
632

 Dwarf mistletoes play a substantial role in mortality of trees that are stressed by 

drought or other factors.
633

 

 Armillaria root disease: Armillaria species cause root rot in forests worldwide.
634

 Armillaria 

species can grow over a range of temperatures, from ~50-88 °F (10-31 °C), although the optimal 

temperature for many species is at ~68-72 °F (20-22 °C).
635

 Stand disturbances such as drought, 

temperature extremes, and soil compaction reduce host resistance to Armillaria.
636

 Armillaria 

itself makes trees more susceptible to bark beetle attack.
637

 Lack of precipitation decreases trees’ 

resistance to Armillaria infection.
638

 Thus, the root pathogen Armillaria is more successful when 

hosts are stressed by drought.
639

  

Observed Trends 

Western North America 

Of the hundreds of native bark beetle species in the western United States and Canada, few species (< 

1%) attack and reproduce in live trees.
640

 Frequently referred to as aggressive bark beetles, these species 

can kill healthy trees and have the capacity to cause landscape-scale tree mortality (Table 18, Figure 

20).
641

 

Recent bark beetle population eruptions have exceeded the frequencies, impacts, and ranges documented 

during the previous 125 years.
642

 For example, current bark beetle outbreaks in western North American 

forests have reached levels not reported in the past, with affected areas in western U.S. states covering in 

excess of nearly 10 million acres (4 million hectares, ha) and approximately 35 million acres (14 million 

ha) in the western Canadian provinces, an area approximately equal to that of Washington State.
643

 

                                                      
630

 Verbatim from Kliejunas (2011, p. 30) 
631

 Verbatim from Kliejunas (2011, p. 31) 
632

 Verbatim from Kliejunas (2011, p. 33). Kliejunas refers the reader to Figure 7 in the cited report for an image of 

the effects of dwarf mistletoe. 
633

 Verbatim from Kliejunas (2011, p. 34) 
634

 Verbatim from Kliejunas (2011, p. 37). Kliejunas cites Kile & others (1991) for this information. 
635

 Verbatim from Sturrock et al. (2011, p. 139). Sturrock et al. cite Rishbeth (1978) and Keca (2005, as cited in La 

Porta et al., 2008) for this information. 
636

 Verbatim from Kliejunas (2011, p. 40). Kliejunas cites Goheen & Otrosina (1998) for this information. 
637

 Verbatim from Kliejunas (2011, p. 40) 
638

 Verbatim from Kliejunas (2011, p. 40) 
639

 Nearly verbatim from Kliejunas (2011, p. 46) 
640

 Verbatim from Bentz et al. (2010, p. 603) 
641

 Verbatim from Bentz et al. (2010, p. 603) 
642

 Verbatim from Raffa et al. (2008, p. 501) 
643

 Nearly verbatim from Edburg et al. (2012, p. 416). Cascading impacts of bark beetle-caused tree mortality on 

coupled biogeophysical and biogeochemical processes. Edburg et al. cite the USDA Forest Service (2010) for 

information on affected areas in the U.S. and Safranyik et al. (2010) for information on affected areas in Canada. 

Edburg et al. also refer the reader to Figure 1 in the cited article for information on the total area affected. 
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Although these bark beetle species are native to the coniferous forests of western North America, 

epidemics have been facilitated by recent climate change, including increased winter minimum and year-

round temperatures and droughts; as a result, outbreaks of some species have moved to higher elevations 

and higher latitudes.
644

 In addition, warming trends have been associated with shifts in generation 

duration for populations of spruce beetle in Alaska, Utah, and Colorado, and mountain pine beetle in 

high-elevation forests.
645

 Further, the annual area affected by bark beetle infestations in North America is 

comparable to the average area burned by fire, suggesting that the impacts of these outbreaks on 

biogeophysical and biogeochemical processes are of a similar magnitude to that of fire.
646

 

Bloomberg (1987) suggested that differences in incidence and severity of hemlock dwarf mistletoe among 

geographic areas (low in Alaska, moderate to high in British Columbia, and moderate in Washington and 

Oregon) reflect the effects of climate on seed production and spread, stand composition and growth rate, 

and local adaptations of dwarf mistletoe.
647

 

Of the nine species of Armillaria root disease known in North America, Armillaria solidipes causes the 

greatest damage to conifers in the Western United States and Canada.
648

 In western North America, A. 

solidipes can cause major growth losses in Douglas-fir or true firs.
649

 

Southcentral and Southeast Alaska 

Estimates of mean fire return interval using soil charcoal data are an order of magnitude longer than the 

50 years estimated between spruce beetle outbreaks in the region, and estimates from sedimentary 

charcoal are up to three times longer than the spruce beetle interval.
650

 This suggests that spruce beetles 

are by far the dominant form of natural disturbance in white/Lutz spruce forests in the region (i.e., the 

Kenai Peninsula).
651

 

In an analysis of climate variability and spruce beetle outbreaks, findings indicate that (1) major spruce 

beetle outbreaks in southcentral and southwest Alaska, as inferred from sustained growth releases (i.e., 

                                                      
644

 Verbatim from Edburg et al. (2012, p. 416). Edburg et al. cite Breshears et al. (2005) and Bentz et al. (2010) for 

information on epidemics being facilitated by recent climate change, Logan et al. (2010) for information on 

epidemics moving to higher elevations, and Safranyik et al. (2010) for information on epidemics moving to higher 

latitudes. 
645

 Verbatim from Bentz et al. (2010, p. 604). Bentz et al. cite Hansen et al. (2001) and Werner et al. (2006) for 

information on Alaska, Utah, and Colorado. Bentz et al. cite Bentz & Schen-Langenheim (2007) for information on 

high-elevation forests. 
646

 Verbatim from Edburg et al. (2012, p. 416). Edburg et al. cite Kurz et al. (2008), USDA Forest Service (2010), 

and Stinson et al. (2011) for information on the annual area affected by bark beetle being comparable to that affected 

by fire. 
647

 Verbatim from Kliejunas (2011, p. 36) 
648

 Verbatim from Kliejunas (2011, p. 37) 
649

 Verbatim from Klopfenstein et al. (2009, p. 2). Approaches to predicting potential impacts of climate change on 

forest disease: an example with Armillaria root disease. Klopfenstein et al. cite Kile & others (1991) for this 

information. 
650

 Nearly verbatim from Berg & Anderson (2006, p. 282). Spruce beetle outbreaks on the Kenai Peninsula, Alaska, 

and Kluane National Park and Preserve, Yukon Territory: relationship to summer temperatures and regional 

differences in disturbance regimes. Berg & Anderson cite Berg et al. (2006) for information on soil charcoal data for 

mean fire return interval and Anderson et al. (2002, in press) for information on sedimentary charcoal estimates of 

mean fire return interval. 
651

 Verbatim from Berg & Anderson (2006, p. 282) 
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rapid growth of the trees surviving a spruce beetle attack, which is due to the thinned canopy and 

typically persists for decades until the canopy closes and growth is suppressed through competition) 

recorded across a range of sites, occurred in the 1810s, 1870s, 1910s, and 1970s and were synchronous 

across the period of record, and (2) these outbreaks tended to occur within multidecadal periods 

characterized by cool (-) phase Pacific Decadal Oscillation (PDO) conditions and, over shorter time 

scales, following one to a few years of warm (El Niño) phase El Niño-Southern Oscillation (ENSO) and 

drier-than-average summer conditions, as inferred from reconstructed climate indices.
652

 The highly 

synchronized timing of spruce beetle outbreaks at interannual to multidecadal scales, and particularly the 

association between cool-phase PDO conditions and beetle disturbance, suggests that climate (i.e., 

temperature, precipitation) is a primary driver of outbreaks in the study area.
653

 For example, in a study of 

23 sites, spruce beetle populations on the Kenai Peninsula grew from endemic to outbreak levels when 

summer temperatures over the previous 5 to 6 years were unusually warm; specifically, when the 5-year 

average summer temperature reached 50.5 °F (10.3 °C), the outbreak probability reached 50%.
654

 

 

                                                      
652

 Verbatim from Sherriff et al. (2011, p. 1467). Climate variability and spruce beetle (Dendroctonus rufipennis) 

outbreaks in south-central and southwest Alaska. 
653

 Verbatim from Sherriff et al. (2011, p. 1459) 
654

 Nearly verbatim from Berg et al. (2006, p. 228) 

Figure 20. Recent mortality of major western conifer biomes to bark beetles. (a) Map of western 

North America showing regions of major eruptions by three species. (b) Sizes of conifer biome area 

affected by these three species over time. Data are from the Canadian Forest Service, the British 

Columbia Ministry of Forests and Range, and the US Forest Service.  

Source: Reproduced from Raffa et al. (2008, Figure 1, p. 502) by authors of this report. 
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Additional information on the area affected by outbreaks, the mean interval between release events, the 

spatiotemporal synchrony in the severity of outbreaks, and the role of climate variability in outbreaks is 

available: 

 Area affected by outbreaks: In southcentral and southwest Alaska, 3.7 million acres (1.5 million 

hectares) of spruce forest have been affected by the spruce beetle since 1989, and nearly half of 

the damage has occurred on the Alaska and Kenai Peninsulas.
655

 Spruce beetle damage dating 

from the 1990s or later was evident at 35 of 37 sites studied by Sherriff et al. (2011), with 76% of 

the sites showing high-severity infestations (>70% tree mortality and >50% of the surviving trees 

showing a release; 28 sites).
656

 Across a larger area, the spruce beetle spread through the Kenai 

Peninsula killing 80 percent of the spruce trees during the 1990’s and continues to kill trees there 

today; it was the largest tree die-off ever recorded in North America.
657

 

 Mean and median interval between release events: The mean interval between release events 

over a 250-year record (i.e., mid-1700s to present) was 48 years, in agreement with previously 

published regional estimates for the late 20
th
 century (30–50 years).

658
 Another study found the 

mean and median return interval between statistically significant release events, which Berg et al. 

(2006) interpret as either local or regional spruce beetle outbreaks, was 52 and 45 years, 

respectively (study period: mid-1700s to present).
659

  

Massive outbreaks as measured by substantial thinning events occur at longer intervals, 

depending on the availability of mature spruce and runs of warm summers.
660

 The southern Kenai 

Peninsula, for example, was last severely thinned in the late 1870s and early 1880s.
661

 Across 23 

sites on the Kenai Peninsula, all stands showed evidence of 1 to 5 thinning events with thinning 

occurring across several stands during the 1810s, 1850s, 1870-1880s, 1910s, and 1970-1980s, 

which Berg et al. (2006) interpreted as regional spruce beetle outbreaks.
662

 

 Spatiotemporal synchrony in outbreak severity: All sites (i.e., the 37 sites studied by Sherriff 

et al., 2011) showed low-severity disturbances attributed to spruce beetle damage, most notably 

during the 1810s.
663

 During other major periods of disturbance (i.e., 1870s, 1910s, 1970s), the 

effects of spruce beetle outbreaks were of moderate or higher severity.
664

 Reconstructions (mid-

1700s to present) indicate that the spruce beetle outbreak that occurred in Alaska in the 1990s was 

within the historical geographic range, but that it showed greater spatiotemporal synchrony, 

particularly in high-severity infestations (i.e., more sites record high-severity infestations), than at 

any other time in the past ~250 years.
665

  

                                                      
655

 Verbatim from Sherriff et al. (2011, p. 1460) 
656

 Nearly verbatim from Sherriff et al. (2011, p. 1465). Sherriff et al. refer the reader to Appendix A: Table A1 in 

the cited article for this information. 
657

 Nearly verbatim from Kelly et al. (2007, p. 53). Kelly et al. cite Inkley et al. (2004) for this information. 
658

 Nearly verbatim from Sherriff et al. (2011, p. 1467). Sherriff et al. cite Holsten et al. (2001) for information on 

the previously published regional estimates of the mean interval between release events. 
659

 Nearly verbatim from Berg et al. (2006, p. 223). Berg et al. refer the reader to Figure 6 in the cited article for this 

information. 
660

 Nearly verbatim from Berg & Anderson (2006, p. 282) 
661

 Verbatim from Berg & Anderson (2006, p. 282). Berg & Anderson cite Berg et al. (2006) for this information.  
662

 Nearly verbatim from Berg et al. (2006, p. 219) 
663

 Nearly verbatim from Sherriff et al. (2011, p. 1459) 
664

 Verbatim from Sherriff et al. (2011, p. 1459) 
665

 Nearly verbatim from Sherriff et al. (2011, p. 1469). Emphasis in original. 
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 Role of climate variability in outbreaks: At interannual time scales, ENSO and PDO 

reconstructions revealed the strongest associations with spruce beetle outbreaks during and 

following years recorded as warm-phase ENSO and cool-phase PDO; i.e., spruce beetle outbreaks 

tended to initiate during and following years of late-summer drought (low August precipitation), 

warm (El Niño) phases of ENSO, and cool phases of PDO.
666

 Over multidecadal time scales (up 

to ~40 years), cool-phase PDO conditions tended to precede beetle outbreaks, regardless of the 

phase of ENSO.
667

  

Recently, Volney and Fleming (2000) found that spruce budworm in Alaska have successfully completed 

their life cycle in one year, rather than the previous two.
668

 Earlier warming spring temperatures allow a 

longer active growing season and higher temperatures directly accelerate the physiology and biochemical 

kinetics of the insects’ life cycle.
669

 

The affected area (i.e., of Sitka spruce trees infected with Sitka spruce aphids) near Sitka and the 

frequency of aphid outbreaks increased after 1970, probably due to shorter and warmer winters.
670

 

Cytospora canker of thinleaf alder is currently epidemic in the southern Rocky Mountains, Alaska, and 

other areas of western North America.
671

 Dieback and mortality of thinleaf alder within riparian areas is 

occurring in Colorado and adjacent areas and in south-central and interior Alaska.
672

 Sitka alder, and to a 

lesser degree green alder, are also affected in Alaska.
673

 

Information on the damage from and ecological implications of hemlock dwarf mistletoe, which infects 

western hemlock, is available: 

 Longer growing seasons and reduced snow will favor both the host (i.e., western hemlock) and 

parasite (i.e., hemlock dwarf mistletoe); 

 Competitive advantages offered by climate changes will likely be mitigated by the disease.
674

 

Although the frequency and intensity of windstorms are difficult to predict, wind-protected landscapes 

support old-growth stands with multi-aged structures where stem decays and other disease agents produce 

                                                      
666

 Verbatim from Sherriff et al. (2011, p. 1468). Sherriff et al. refer the reader to Figure 4b and Appendix B: Figure 

B1a in the cited article for information on initiation related to late-summer drought, to Figure 4c and Appendix B: 

figure B1d in the cited article for information on ENSO, and to Appendix B: Figure B1c in the cited article for 

information on PDO. 
667

 Verbatim from Sherriff et al. (2011, p. 1459) 
668

 Verbatim from Running & Mills (2009, p. 10) 
669

 Verbatim from Running & Mills (2009, p. 10-11). Running & Mills cite Logan et al. (2003) for this information. 
670

 Nearly verbatim from Kelly et al. (2007, p. 54) 
671

 Verbatim from Kliejunas (2011, p. 30). Kliejunas refers the reader to Figure 7 in the cited report for an image of 

cytospora canker of thinleaf alder. Kliejunas cites Trummer (2006) and Worrall (2009) for information on the 

epidemic. 
672

 Verbatim from Kliejunas (2011, p. 30) 
673

 Verbatim from Kliejunas (2011, p. 30). Kliejunas cites USDA FS (2007) for this information. 
674

 Nearly verbatim from Wolken et al. (2011, Table 2, p. 13). Wolken et al. cite Hennon et al. (2011) and Muir & 

Hennon (2007) for this information. 
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fine-scale disturbances involving the death of individual or small groups of trees.
675

 Currently, stem-decay 

fungi consume an estimated 31% of the volume of live trees.
676

 

Southwest Yukon Territory 

Over the last 250 years, spruce beetle outbreaks occurred commonly among spruce forests on the Kenai 

Peninsula (Alaska), at a mean return interval of 52 years, and rarely among spruce forests in the Kluane 

National Park and Preserve region where cold winter temperatures and fire appear to more strongly 

regulate spruce beetle population size.
677

 More specifically, with the exception of the periods of 1934–

1942 and 1994–2004, the white spruce forests examined in the Kluane region had not experienced a 

major spruce beetle outbreak within the last three centuries.
678

 Additional information on these outbreaks 

is available: 

 1930s-1940s outbreak: Among the four Kluane stands, Berg et al. (2006) found strong evidence 

of a 1930–1940s outbreak in one stand, including still standing beetle-scarred snags, and weak 

evidence of this outbreak in the other three stands.
679

 The 1934–1942 outbreak in the Kluane 

region occurred during the extremely warm summers of the 1930s.
680

 Of the four Kluane stands, 

only Papineau Road showed a substantial growth release, confirming an outbreak reported from 

the 1940s.
681

 The other three Kluane stands showed small but statistically significant releases in 

the 1930 and 1940s, as well as other releases not correlated among stands.
682

 Surviving trees on 

the Papineau Road site exhibited strong releases with many still growing today at more than twice 

the historical average growth rate for the stand.
683

  

 1990s to early 2000s outbreak: At all four sites at least moderate infestations were observed in 

the 1990s and early 2000s.
684

 Spruce beetle outbreaks in the Kluane region appeared to be 

initiated and maintained by periods of warm summer temperature, as evidenced by the 1994–

2005 outbreaks following the unusually high summer temperatures from 1989 to 2004.
685

  

Western British Columbia  

Historically, the range of mountain pine beetle has been limited by climate.
686

 Summer temperature 

                                                      
675

 Verbatim from Wolken et al. (2011, p. 17). Wolken et al. cite Hennon (1995) and Hennon & McClellan (2003) 

for this information. 
676

 Verbatim from Wolken et al. (2011, p. 17). Wolken et al. cite Farr et al. (1976) for this information. 
677

 Nearly verbatim from Berg et al. (2006, p. 219) 
678

 Verbatim from Berg et al. (2006, p. 224) 
679

 Verbatim from Berg et al. (2006, p. 227) 
680

 Nearly verbatim from Berg et al. (2006, p. 228). Berg et al. cite Szeicz & MacDonald (1995) and Wilson & 

Luckman (2003) for this information. 
681

 Verbatim from Berg et al. (2006, p. 223). Berg et al. cite Furniss (1950) and Downing (1957) for this 

information. 
682

 Verbatim from Berg et al. (2006, p. 223) 
683

 Verbatim from Berg et al. (2006, p. 223). Berg et al. refer the reader to Figure 5 in the cited article for this 

information. 
684

 Verbatim from Berg et al. (2006, p. 224) 
685

 Verbatim from Berg et al. (2006, p. 228) 
686

 Verbatim from Safranyik et al. (2010, p. 420). Potential for range expansion of mountain pine beetle into the 

boreal forest of North America. Safranyik et al. cite Safranyik et al. (1975), Carroll et al. (2004), and Aukema et al. 

(2008) for this information. 
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regimes that preclude a univoltine (i.e., producing one generation per year) life cycle and (or) minimum 

winter temperatures of -40 °F (-40 °C) or below explain much of the beetle’s past distribution (Figure 

21).
687

 A comparison of annual surveys of mountain pine beetle infestations with maps of the historical 

distribution of climatically suitable habitats shows that climatic conditions have become more favorable 

to the mountain pine beetle over large portions of western Canada during the past 30 years.
688

 This has 

enabled populations to expand into 

formerly climatically unsuitable habitats, 

especially toward higher elevations and 

more northerly latitudes.
689

  

The presence of bark beetle outbreaks in 

areas with a historically unsuitable 

climate, in part a consequence of climate 

change, provided an opportunity to assess 

the hypothesis that the mountain pine 

beetle has higher reproductive success in 

lodgepole pine trees growing in areas that 

have not previously experienced frequent 

outbreaks.
690

 The mean number of brood 

beetles produced per attacking female 

was significantly affected by historic 

climatic suitability, increasing as 

suitability decreased.
691

 There was a 

significant negative effect of attack density 

on brood productivity, as expected.
692

 There 

was no significant interaction between 

historic climatic suitability and attack 

density.
693

 

In B.C., 124 insect, 4 plant disease, and 144 

plant invasive alien species associated with 

                                                      
687

 Nearly verbatim from Safranyik et al. (2010, p. 420). Safranyik et al. cite Safranyik et al. (1975), Powell et al. 

(2000), and Logan & Powell (2001) for information on summer temperature limiting a univoltine life cycle, and 

Safranyik et al. (1975), Mock et al. (2007), and Figure 4 in the cited article for information on minimum winter 

temperature effects on beetle distribution.  
688

 Verbatim from Safranyik et al. (2010, p. 420). Safranyik et al. cite Carroll et al. (2004) for this information. 
689

 Verbatim from Safranyik et al. (2010, p. 420-421). Safranyik et al. cite Carroll et al. (2004) for this information. 
690

 Nearly verbatim from Cudmore et al. (2010, p. 1036). Climate change and range expansion of an aggressive 

bark beetle: evidence of higher beetle reproduction in naïve host tree populations. 
691

 Nearly verbatim from Cudmore et al. (2010, p. 1040). Cudmore et al. refer the reader to Figure 2 in the cited 

article for this information. Note: Cudmore et al. used a mixed model ANOVA for data analysis. Reported statistics 

are: F = 8.79, df = 3, 8.8, P = 0.005. 
692

 Nearly verbatim from Cudmore et al. (2010, p. 1040). Note: Cudmore et al. used a mixed model ANOVA for data 

analysis. Reported statistics are: F = 22.68, df = 1, 13.7, P < 0.001. 
693

 Nearly verbatim from Cudmore et al. (2010, p. 1040). Cudmore et al. refer the reader to Figure 3 in the cited 

article for this information. Note: Cudmore et al. used a mixed model ANOVA for data analysis. Reported statistics 

are: F = 0.709, df = 3, 79.7, P = 0.549. 

Figure 21. Historical climatic limits to the northern and eastern 

distribution of mountain pine beetle. Data points represent the 

observed distribution of infestations up to and including 1970; 

shading indicates regions where, on average (1941–1970), there 

were fewer than 833 day-degrees above 5.6 °C within a growing 

season, and the heavy line denotes the isotherm where -40 °C 

occurred, on average (1941–1970), on at least 1 day each winter 

(data from the Canadian Forest Service Forest Insect and Disease 

Survey and Environment Canada’s Meteorological Service). 

Source: Reproduced from Safranyik et al. (2010, Figure 4, p. 

420) by authors of this report. 
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forest and rangelands have been identified.
694

 The extent of the insect distribution within the province and 

their impacts are largely unknown.
695

 White pine blister rust has caused widespread mortality of western 

white pine and whitebark pine throughout almost all of their natural populations.
696

 

A disease of lodgepole pine, Dothistroma needle blight, is expanding, causing extensive mortality of pine 

in the northwestern part of the province.
697

 A survey of 101,313 acres (41,000 hectares, ha) in three forest 

districts from 2002 to 2004 detected the disease across 93,900 acres (38,000 ha), with mortality occurring 

on 6,672 acres (2700 ha).
698

 Even mature lodgepole pine trees were severely affected and dying.
699

 In this 

case, a local trend of increasing summer precipitation appears to be responsible.
700

 Woods and others 

(2005) found a strong positive relationship between the frequency of warm rain events and disease 

severity.
701

 Further, although drought stress facilitated progression from an incipient to epidemic 

mountain pine beetle population in British Columbia, a significant correlation with precipitation was no 

longer found after the beetle population became self-amplifying.
702

 Elevated temperatures, which directly 

influence bark beetle population success, were associated with drought conditions that affected tree 

stress.
703

In addition, although lodgepole pine is native, the species has been planted extensively since the 

early 1980s, increasing host abundance.
704

 

In southern British Columbia, Hood (1982) observed a positive correlation between precipitation, 

particularly spring rainfall, and relative abundance of P. gaeumannii (i.e., Swiss needle cast, a fungal 

foliar disease of Douglas-fir).
705

 On coastal sites in B.C., A. solidipes (i.e., an Armillaria root disease) was 

prevalent on sites with slightly dry soils, and occurred at low frequency on sites with moist soils.
706

 

Pacific Northwest 

Mountain pine beetle infestations have historically occurred frequently and extensively throughout the 

Pacific Northwest.
707

 Climate change, in particular warming and drought, affects bark beetle life stage 

development rates, winter mortality, and host tree susceptibility.
708

 Across the western U.S., stand 

                                                      
694

 Verbatim from B.C. Ministry of Forests, Mines and Lands. (2010, p. 73) 
695

 Nearly verbatim from B.C. Ministry of Forests, Mines and Lands. (2010, p. 75) 
696

 Nearly verbatim from B.C. Ministry of Forests, Mines and Lands. (2010, p. 75) 
697

 Nearly verbatim from B.C. Ministry of Environment (2007, p. 160) 
698

 Verbatim from Kliejunas (2011, p. 11). Kliejunas cites Worrall (2010) for this information. 
699

 Verbatim from Kliejunas (2011, p. 11) 
700

 Verbatim from B.C. Ministry of Environment (2007, p. 160). B.C. MoE cites Woods et al. (2005) for this 

information. 
701

 Verbatim from Kliejunas (2011, p. 12) 
702

 Verbatim from Bentz et al. (2010, p. 605). Bentz et al. cite Raffa et al. (2008) for this information. 
703

 Nearly verbatim from Bentz et al. (2010, p. 605) 
704

 Nearly verbatim from Kliejunas (2011, p. 12) 
705

 Nearly verbatim from Kliejunas (2011, p. 17) 
706

 Nearly verbatim from Kliejunas (2011, p. 40) 
707

 Verbatim from Littell et al. (2010, p. 132). Littell et al. cite Wellner (1978) and Logan & Powell (2001) for this 

information. 
708

 Verbatim from Littell et al. (2010, p. 132). Littell et al. cite Logan & Powell (2001), Carroll et al. (2004), and 

Oneil (2006) for this information. 
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structural conditions make host species susceptible to beetle attack, and future climate change is predicted 

to increase climate suitability at higher elevations.
709

 

The balsam woolly adelgid is a European insect that first appeared in Oregon in the 1920s.
710

 By the 

1950s and 1960s dramatic outbreaks of balsam woolly adelgid occurred in the Cascades and caused true 

fir mortality over thousands of acres.
711

 True fir species are most vulnerable to balsam wooly adelgid 

infestations when growing at the lower ends of their elevation ranges where milder temperatures occur.
712

 

A factor favoring adelgid survival and increased damage is warmer than average summer temperatures.
713

 

Since then (i.e., the 1960s), this insect has spread over much of the fir type in Oregon and tree mortality 

has subsided to lower levels.
714

 The long-term impacts have been substantial and include eliminating 

grand fir at low elevations in the Willamette Valley and the disappearance of subalpine fir from some 

high elevation areas where it is an important pioneer tree species.
715

  

Occurrence of Swiss needle cast in the Pacific Northwest is positively correlated with degree-day 

accumulation during winter and leaf wetness hours during spring to autumn.
716

 More severe disease 

symptoms and greater fungal colonization are commonly observed on lower elevation sites near the coast, 

suggesting the possible involvement of maritime fog.
717

 Within the epidemic area (i.e., coastal 

Washington, Oregon, and California), needle retention varies from approximately 1.5 to 2.6 years.
718

 

Normal needle retention in healthy coastal form Douglas-fir is approximately four years.
719

 Disease tends 

to be more severe in sites nearer the coast, at lower elevations, and on southern aspect slopes, gradually 

diminishing to the east.
720

 In an earlier study, Hood (1982) found more P. gaeumannii (i.e., Swiss needle 

cast) in southern British Columbia and western Washington in coastal forests of Vancouver Island and the 

Olympic Peninsula, with lower levels in the rain shadow of eastern Vancouver Island and the interior, and 

attributed the difference mainly to precipitation patterns.
721

 

Childs (1960) reported that death of conifer branches in the Pacific Northwest following an unusually hot 

summer in 1958 and an unusually dry summer in 1959 was extensive in trees stressed by dwarf mistletoe 

and other agents.
722

 Childs (1960) also suggested that the death of branches infected by dwarf mistletoe 

                                                      
709

 Verbatim from Littell et al. (2010, p. 132). Littell et al. cite Hicke & Jenkins (2008) for information on stand 

structural conditions and host species susceptibility. Littell et al. cite Hicke et al. (2006) for information on future 

climate suitability at higher elevations. 
710

 Verbatim from Flowers & Kanaskie (2007a, p. 1) 
711

 Verbatim from Flowers & Kanaskie (2007a, p. 1) 
712

 Verbatim from Flowers & Kanaskie (2007a, p. 2) 
713

 Verbatim from Flowers & Kanaskie (2007a, p. 2) 
714

 Verbatim from Flowers & Kanaskie (2007a, p. 1) 
715

 Verbatim from Flowers & Kanaskie (2007a, p. 1) 
716

 Nearly verbatim from Sturrock et al. (2011, p. 138). Sturrock et al. cite Manter et al. (2005) for this information. 
717

 Verbatim from Stone et al. (2008, p. 172). Stone et al. cite Rosso & Hansen (2003) for this information. 
718

 Nearly verbatim from Stone et al. (2008, p. 171). Predicting effects of climate change on Swiss needle cast 

disease severity in Pacific Northwest forests. Stone et al. cite Hansen et al. (2000) for this information. 
719

 Verbatim from Stone et al. (2008, p. 171) 
720

 Verbatim from Stone et al. (2008, p. 171). Stone et al. cite Hansen et al. (2000), Manter et al. (2003b), and Rosso 

& Hansen (2003) for this information. 
721

 Nearly verbatim from Stone et al. (2008, p. 172) 
722

 Verbatim from Kliejunas (2011, p. 35) 
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may reduce inoculum (i.e., the means of inoculation, or infestation) and thus reduce dwarf mistletoe 

spread.
723

 

Another present-day concern in the Pacific Northwest (Oregon, Washington, and northern California) 

involves a new exotic insect pest of small fruits, Drosophila suzukii.
724

  

Western Washington 

For information on western Washington, please see the previous section on the Pacific Northwest. 

Western Oregon 

Mountain pine beetle is the most important insect pest in Oregon, affecting 348,400 acres per year 

(140,992 hectares per year) on average from 2004 to 2008.
725

 Another important disease that is strongly 

climate sensitive is sudden oak death (caused by the non-native pathogen Phytophthora ramorum), which 

has been spreading northward from California into southwestern Oregon forests since 2001.
726

 For the 

non-native pathogen P. ramorum which causes sudden oak death, Kanaskie and others (2008) attributed 

an unexpected expansion of the disease from sites where eradication efforts were being conducted to two 

consecutive years with an unusually wet spring and early summer.
727

 Hansen and others (2008) reported 

that rain in late May following a dry April triggered an infection event at two sites, resulting in dieback, 

subsequent sprouting of tanoak, and numerous new P. ramorum bole infections.
728

 

A dendrochronological study showed that growth suppression owing to the Swiss needle cast is not a 

recent phenomenon on the Oregon coast.
729

 The average growth reduction owing to Swiss needle cast for 

six study sites ranged from 18% to 50% in the years 1590-2011, which was consistent with the range of 

growth losses found in Oregon and New Zealand.
730

 Tree-ring records at all six study sites indicated that 

Swiss needle cast intensity peaked in 1984-1986 because of a prior decade of warmer winters and milder, 

wetter summers, which favored spore dispersal, germination, and needle colonization.
731

 Disease intensity 

peaked in 1984-1986 at all study sites, followed either by a decline to at or below historic levels at 

warmer, less-humid study sites owing to decreasing needle wetness in summer, or an increase to 

unprecedented levels from 1984 to 2007 at a cooler, more humid site owing to increasing winter and 

summer temperatures.
732

 Specifically, the peak impact (i.e., on Douglas-fir) of Swiss needle cast for the 

six study sites ranged from 31% to 100% in the years 1984-1986, about double the historic average 

impact at each site.
733

 

                                                      
723

 Verbatim from Kliejunas (2011, p. 35) 
724

 Nearly verbatim from Hixon et al. (2010, p. 273) 
725

 Verbatim from Shafer et al. (2010, p. 183). Shafer et al. cite Nelson et al. (2009) for this information. 
726

 Verbatim from Shafer et al. (2010, p. 185) 
727

 Nearly verbatim from Kliejunas (2011, p. 22) 
728

 Verbatim from Kliejunas (2011, p. 22) 
729

 Nearly verbatim from Lee et al. (2013, p. 685). Tree-ring analysis of the fungal disease Swiss needle cast in 

western Oregon coastal forests. 
730

 Nearly verbatim from Lee et al. (2013, p. 685). Lee et al. cite Maguire et al. (2002) and Shaw et al. (2011) for 

information on Oregon, and Kimberley et al. (2011) for information on New Zealand. 
731

 Verbatim from Lee et al. (2013, p. 685-686) 
732

 Verbatim from Lee et al. (2013, p. 689) 
733

 Nearly verbatim from Lee et al. (2013, p. 686) 
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However, another study found that since the early 1990s, a severe, unprecedented epidemic of Swiss 

needle cast has affected the coastal fog belt zone of Oregon, where Douglas-fir was not a dominant 

species in presettlement forests.
734

 Based on annual area surveys conducted by the Swiss Needle Cast 

Cooperative at Oregon State University, the spatial extent of infected forests increased from 130,966 

acres (53,000 hectares, ha) in 1996 to 518,921 acres (210,000 ha) in 2012 at a rate of about 2.0 miles per 

year (3.2 kilometers per year).
735

 Symptoms including chlorosis (i.e., abnormal reduction or loss in the 

green color of leaves), premature needle loss, growth reduction, and abundant fruiting of the pathogen on 

1- and 2-year-old needles are evident from Coquille and Bandon on the southern Oregon coast to Shelton, 

Washington, on Puget Sound; damage is concentrated in plantations near Tillamook, Oregon.
736

  

Occurrence of the disease in the Pacific Northwest is positively correlated with degree-day accumulation 

during winter and leaf wetness hours from spring through autumn (warm winters and wet summers).
737

 

The pathogen occurs over about 1.2 million acres (500,000 ha) of Douglas-fir in Oregon.
738

 

Approximately 395,369 acres (160,000 ha) are severely affected with Swiss needle cast, and some 

landowners in these areas are converting their Douglas-fir plantations to spruce and hemlock.
739

 Mean and 

maximum decreases in basal area growth in Oregon are 20% and 55%, respectively.
740

 Douglas-fir radial 

growth was reduced by 85% at a severely diseased site.
741

 Vertical growth can decrease by about 25%.
742

 

Wood density and proportion of latewood to earlywood were higher in stands heavily infested (needle 

retention less than 2 years) with Swiss needle cast than in healthier stands.
743

  

Northwest California 

In the United States, environmental impacts of P. ramorum (i.e., the non-native pathogen causing sudden 

oak death) have been greatest in coastal woodlands in California and southwestern Oregon.
744

 Epidemic 

mortality of coast live oak occurred 1 to 2 years after high spring rainfall in the El Niño years of 1998 and 

2005.
745

 Mortality of tanoak and oaks are resulting in changes in forest composition, loss of habitat for 

animals, increases in soil erosion, and a substantial increase in fuel loads near heavily populated urban-

woodland interfaces.
746

 

                                                      
734

 Nearly verbatim from Kliejunas (2011, p. 15). Kliejunas cites Hansen & others (2000) for this information. 
735

 Verbatim from Lee et al. (2013, p. 688) 
736

 Verbatim from Kliejunas (2011, p. 15). Kliejunas cites Hansen & others (2000) for this information. 
737

 Verbatim from Kliejunas (2011, p. 17). Kliejunas cites Manter & others (2005) for this information. 
738

 Verbatim from Kliejunas (2011, p. 16) 
739

 Verbatim from Kliejunas (2011, p. 16). Kliejunas cites Hansen & others (2002) for this information. 
740

 Verbatim from Kliejunas (2011, p. 16). Kliejunas cites Maguire & others (2002) and Mainwaring & others 

(2005) for this information. 
741

 Verbatim from Kliejunas (2011, p. 16). Kliejunas cites Black & others (2005) for this information. 
742

 Verbatim from Kliejunas (2011, p. 16) 
743

 Verbatim from Kliejunas (2011, p. 16). Kliejunas cites Johnson & others (2005) for this information. 
744

 Nearly verbatim from Kliejunas (2011, p. 21) 
745

 Verbatim from Kliejunas (2011, p. 22). Kliejunas cites Davidson & others (2005) and Rizzo & others (2005) for 

this information. 
746

 Verbatim from Kliejunas (2011, p. 21) 
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 Future Projections 

Note: Please see Box 5 (p. 184) for a discussion of some of the modelling approaches presented in this 

section. 

Western North America 

Bentz et al. (2010) analyzed the influence of future temperature patterns on mountain pine beetle success 

within its current range in the western United States and Canada using models describing the insect’s 

seasonality and tolerance to cold (Figure 22).
747

 In a comparison of three models of climatic suitability for 

mountain pine beetle range expansion, in the near future (2001-2030), overall climate suitability is 

expected to intensify in southern and central B.C. and shift north into the western boreal region, while the 

remainder of the boreal forest will remain unsuitable, even though a univoltine (i.e., producing one 

generation of beetles per year) life cycle for the mountain pine beetle is possible (2001-2030 vs. 1961-

1990; CGCM1 run with 1% annual increase in CO2 starting in 2000).
748

 In the recent past (1971-2000) 

these areas (i.e., of climatic suitability) were predominantly in southern and central B.C., southern and 

west-central Alberta, and southern Saskatchewan.
749

 

Modeled results suggest that projected warming across the western U.S. will lead to a decrease in overall 

modeled area of adaptive seasonality of mountain pine beetle (1994-2100 vs. 1895-1993 run with 

CGCM1 and HADCM2 using gridded daily temperatures from the Vegetation/Ecosystem Modeling and 

Analysis Project).
750

 By the end of the time period (i.e., by 2100), Hicke et al. (2011) estimated that only 

about 2.5 million acres (1 million hectares, ha) in the western U.S. will have thermally suitable conditions 

for outbreak, compared to 49-74 million acres (20-30 million ha) historically.
751

 At the highest elevations, 

predicted warmer conditions will result in increases in the area of adaptive seasonality.
752

 However, the 

area of adaptive seasonality will decrease after 2040 in the 8202-9843 foot bin (2500-3000 meter bin; a 

bin refers to binning temperatures and area by elevation), and after 2060 for the highest elevation bin.
753

 

For additional information on long-term patterns of beetle population dynamics in relationship to climate 

and forest conditions, please see Chapter IV.3 (Information Gaps).  

                                                      
747

 Nearly verbatim from Bentz et al. (2010, p. 608) 
748

 Nearly verbatim from Safranyik et al. (2010, p. 425). Safranyik et al. refer the reader to Figure 5 in the cited 

article for this information. 
749

 Nearly verbatim from Safranyik et al. (2010, p. 425). Safranyik et al. refer the reader to Figure 5 in the cited 

article for this information. 
750

 Nearly verbatim from Hicke et al. (2011, p. 11). Changing temperatures influence suitability for modeled 

mountain pine beetle (Dendroctonus ponderosae) outbreaks in the western United States. 
751

 Nearly verbatim from Hicke et al. (2011, p. 6) 
752

 Nearly verbatim from Hicke et al. (2011, p. 1) 
753

 Nearly verbatim from Hicke et al. (2011, p. 6) 
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Table 18. Bark beetle species that have the capacity to cause landscape-scale tree mortality in the western United States and Canada 

within the NPLCC region. 

California fivespined ips (Ips paraconfusus) 

 

Major host species: Knobcone pine, lodgepole pine, Coulter pine, 

Jeffrey pine, sugar pine, ponderosa pine, Monterey pine, Torrey pine, 

and others 

 

Range: West of the crests of the Sierra Nevada and Cascade 

Mountains, from southern California to northern Oregon. Recently 

found in Washington, mostly alo ng the Columbia River both east and 

west of the Cascades, and as far north as Toledo. 

 

Sources:Bentz et al. (2010), Murray et al. (2012), Shultz & Bedard 

(1987) 

Douglas-fir beetle (Dendroctonus Pseudotsugae) 

 

 

Major host species: 
Douglas-fir 

 

Range: The beetle can be 

found almost anywhere 

Douglas-fir is found. 

Douglas-fir range shown 

at left. 

 

Sources: Bentz et al. 

(2010), Flowers & 

Kanaskie (2007b), 

Schmitz & Gibson 

(1996), Image reproduced 

from USGS by authors of 

this report 

Fir engraver (Scolytus ventralis)  

 

Major host species: White fir, grand 

fir, and red fir 

 

Range: Shown at left. 

 

Sources: Bentz et al. (2010), Image 

reproduced from Ferrell (1986, Fig. 2, 

p. 2) by authors of this report, USFS 

(2011a) 

Jeffrey pine beetle (Dendroctonus jeffreyi)  

 

Major host species: Jeffrey 

pine 

 

Range: Shown at left. 

 

Sources: Bentz et al. (2010), 

Image reproduced from Smith 

et al. (2009, Fig. 3, p. 3) by 

authors of this report. 
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Mountain pine beetle (Dendroctonus ponderosae)  

 

Major host species: 
Whitebark pine, Rocky 

Mountain bristlecone 

pine, foxtail pine, 

lodgepole pine, limber 

pine, sugar pine, western 

white pine, ponderosa 

pine, and others 

 

Range: Northern Mexico 

through the Pacific 

Northwest to northwest 

Alberta. U.S. and Canada 

range shown in black at 

left. 

 

Sources: Bentz et al. (2010), Image reproduced from Safranyik et al. 

(2010, Fig. 1, p. 417) by authors of this report, Sambaraju et al. (2012) 

Northern spruce engraver (Ips perturbatus) 

 

Major host 

species: 
Engelmann spruce, 

white spruce, Lutz 

spruce, black 

spruce, and Sitka 

spruce 

 

Range: Black 

circles show beetle 

distribution. Range 

of white and 

Engelmann spruce 

is shown in grey. 

 

Sources: Bentz et al. (2010), Image reproduced from Burnside 

et al. (2011, Fig. 2, p. 2) by authors of this report. 

Spruce beetle (Dendroctonus rufipennis) 

 

Major host species: 
Engelmann spruce, 

white spruce, and Sitka 

spruce 

 

Range: Shown at left. 

 

Sources: Bentz et al. 

(2010), Image 

reproduced from 

Holsten et al. (1999, 

Figure 2) by authors of 

this report. 

Western balsam bark beetle (Dryocoetes confuses)  

 

Major host species: 
Subalpine fir and others 

 

Range: The beetle is 

found throughout the 

range of subalpine fir, 

shown at left. 

  

Sources: Bentz et al. 

(2010), Image 

reproduced from USGS 

by authors of this 

report.,Kegley (2006), 

USFS (2011b) 

Western pine beetle (Dendroctonus brevicomis)  

 

Major host species: Coulter pine and 

ponderosa pine 

 

Range: Shown at left. 

 

Sources: Bentz et al. (2010), Image 

reproduced from DeMars & Roettgering 

(1982, Fig. 2, p. 2) by authors of this report. 

 

Table Source: Modified from Bentz et al. (2010, Table 1, p. 603) by authors of this report. 
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In another mountain pine beetle study, 

Figure 24 compares the areas designated as 

vulnerable for two tree species (i.e., 

lodgepole and jack pine; vulnerable is 

defined as having <50% modeled probability 

of species’ occurrence in 1976-2006 

compared to the modeled distribution in 

1950-1975; see Box 5) with the areas 

predicted by the Safranyik et al. (2010) 

mountain pine beetle index to have a risk 

(i.e., of beetle range expansion) greater than 

moderate for the 2001-2030 and 2010-2040 

projected climatic conditions (vs. 1961-

1990; CGCM1 run under moderate BAU 

scenario
754

).
755

 Areas of vulnerable forest 

(i.e., of lodgepole and jack pine forest) that 

coincide with those favorable for beetle 

expansion are presented in Figure 23.
756

 

Specific results include: 

 Area affected: 15,444 square miles 

(mi
2
; 40,000 square kilometers, km

2
) of 

lodgepole pine forest are projected to be 

susceptible to beetle attack during the period 

from 2001-2030, with an increase to 17,375 

mi
2
 (45,000 km

2
) in the 2010-2040 period 

(vs. 1950-1975; CGCM3, BAU scenario).
757

  

 Geography affected: For lodgepole 

pine, the areas of vulnerability and high 

mountain pine beetle climatic suitability 

occupy interior British Columbia and extend 

along the western edge of lodgepole pine’s 

distribution, which occurs in three distinct 

regions (see Figure 23).
758

 By 2010-2040, 

the area suitable for the beetle is projected to 

increase along with an increase in 

vulnerable forests.
759

 

                                                      
754

 Safranyik et al. (2010, p. 422) 
755

 Nearly verbatim from Coops et al. (2012, p. 168). Modeling lodgepole and jack pine vulnerability to mountain 

pine beetle expansion into the western Canadian boreal forest. 
756

 Nearly verbatim from Coops et al. (2012, p. 168) 
757

 Verbatim from Coops et al. (2012, p. 168) 
758

 Verbatim from Coops et al. (2012, p. 168) 
759

 Verbatim from Coops et al. (2012, p. 168) 

Figure 22. Predicted probability of mountain pine beetle 

adaptive seasonality (a-c) and cold survival (d-f) across the 

range of pine species in the United States and Canada during 

three climate normals periods: (a) and (d) 1961-1990; (b) and 

(e) 2001-2030; and (c) and (f) 2071-2100. Mountain pine 

beetle outbreak populations are currently restricted to pine 

forests in the western United States, central British Columbia, 

and west-central Alberta. Based solely on the modeled 

response of mountain pine beetle to temperature (2001-2030 

and 2071-2100 vs. 1961-1990; CRCM v. 4.2.0 runs ADJ and 

ADL run under A2), results suggest that by the end of this 

century, probability of range expansion across Canada and into 

central and eastern U.S. forests will be low to moderate. 

Source: Reproduced from Bentz et al. (2010, Figure 3, p. 609) 

by authors of this report. 
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In addition, although spruce beetle outbreak potential will be enhanced by higher temperatures throughout 

the century, reductions in the range of Engelmann spruce in the western United States, also as a result of 

climate change, could cause an overall reduction in long-term spruce beetle impacts in that region (Figure 

25).
760

 

Current understanding of both the conditions required for a bark beetle outbreak and of anticipated global 

changes allows Raffa et al. (2008) to hypothesize how anthropogenic activities may lead to regime shifts 

in which the frequency, severity, location, and extent of eruptions exceed what they can infer about 

historical outbreak patterns.
761

 Potential processes and manifestations of a regime shift include: 

 More frequent favorable temperatures, which enabled spruce beetle outbreaks in coastal Alaska;  

 Eruptions in regions where previous likelihoods of surpassing critical thresholds were low, as 

with the current mountain pine beetle outbreak in central British Columbia and at high elevations 

throughout the Rocky Mountains;  

 Geographic range expansion across existing host species, as with mountain pine beetle in British 

Columbia;  

 Movement into evolutionarily or partially naïve hosts with geographic range expansion, as with 

mountain pine beetle in lodgepole–jack pine hybrids in Alberta (and ultimately jack pine across 

the boreal forest, and its potential as a corridor to nonadapted red pine and white pine in the Great 

Lakes region);  

 Expansion to new host species within historic geographic ranges, as with the current high 

mortality to spruce by mountain pine beetle in British Columbia, which may be viewed as an 

extreme progression of the declining host discrimination that normally contributes to eruptions;  

 Extensive tree mortality by beetle species historically were more locally eruptive, such as the 

pinyon ips; and,  

 Enhanced likelihood of external drivers increasing synchronicity among disturbances such as 

drought, both reducing tree resistance against bark beetles and favoring the frequency and 

severity of fire.
762

 

Under a climate change scenario of warmer and drier future conditions, Sturrock et al. (2011) predict that 

diseases caused by pathogens directly affected by climate (e.g. Dothistroma needle blight) will have a 

reduced or unchanged impact on their hosts, but an increased impact under a scenario of warmer and 

wetter conditions.
763

 For diseases caused by pathogens indirectly affected by climate (e.g. Armillaria root 

disease) and for decline diseases, in general, Sturrock et al. (2011) predict an increased impact on hosts 

under a climate-change scenario of warmer and drier future conditions and a reduced or unchanged 

impact under warmer and wetter future conditions.
764

  

                                                      
760

 Verbatim from Bentz et al. (2010, p. 607). Bentz et al. cite Rehfeldt et al. (2006) for information on the future 

distribution of Engelmann spruce. 
761

 Nearly verbatim from Raffa et al. (2008, p. 5110 
762

 Nearly verbatim from Raffa et al. (2008, p. 5110 
763

 Nearly verbatim from Sturrock et al. (2011, p. 144) 
764

 Nearly verbatim from Sturrock et al. (2011, p. 144) 
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Specific projections for several forest pathogens in Western North America are available (Table 19): 

 Dothistroma needle blight: Using slight variations of the CLIMEX (a model used to predict the 

effects of climate on species) parameter estimates used by Watt and others (2009), Venette found 

that climatic conditions that support Dothistroma (i.e., a fungal foliar disease of lodgepole and 

other pine species) are likely to persist in the western U.S. through 2080, even if Dothistroma is 

assumed to be heat-sensitive (additional information on climate model not provided).
765

 Increases 

in precipitation may be more important than increases in temperature for increasing the spread 

and impact of the disease.
766

 For example, the favorable effect of warming on Dothistroma blight 

may lessen if decreased summer rainfall accompanies the warming.
767

  

 Swiss needle cast: A decrease in precipitation would likely decrease the probability of damage to 

Douglas-fir from P. gaeumannii (i.e., Swiss needle cast, a fungal foliar disease).
768

 Predicted 

warmer temperatures, along with sufficient moisture, will favor the pathogen and increase disease 

incidence on Douglas-fir.
769

 

 Sudden oak death: Continued warming would increase areas suitable climatically for the 

pathogen, resulting in increased mortality if the pathogen (i.e., P. ramorum, which causes sudden 

oak death) is introduced to those areas.
770

 However, moisture must be sufficient for pathogen 

sporulation and infection.
771

 Increased precipitation during spring is likely to be associated with 

increased prevalence of the pathogen in areas where it already occurs and expansion of the 

pathogen to new locations.
772

 Venette (2009) used the CLIMEX model to quantify the potential 

change in distribution of habitat and in habitat quality for P. ramorum on the basis of climate 

scenarios.
773

 The model suggested that high-quality habitat in the contiguous United States 

currently extends along the west coast from approximately Monterey, California, to the vicinity 

of Puget Sound, Washington.
774

 On the basis of projections from the Canadian General 

Circulation Model-1 (CGCM1), Venette projected that the extent of high-quality habitat will 

decrease substantially in the Eastern United States, but will increase in Washington, Oregon, and 

California.
775

 By 2050, habitat will extend from Los Angeles, California, to the Puget Sound area 

in Washington.
776

 Inland expansion of habitat by 2080 is projected to be modest.
777

 

 White pine blister rust: A warmer climate, along with drier environmental conditions, would 

reduce rust sporulation and infection.
778

 Although increases in precipitation likely increase habitat 

quality for the pathogen, projected increases in temperature do not.
779

  

                                                      
765

 Nearly verbatim from Kliejunas (2011, p. 13). Kliejunas cites Venette (2010) for this information. 
766

 Verbatim from Kliejunas (2011, p. 14) 
767

 Nearly verbatim from Kliejunas (2011, p. 13) 
768

 Verbatim from Kliejunas (2011, p. 17) 
769

 Verbatim from Kliejunas (2011, p. 17) 
770

 Nearly verbatim from Kliejunas (2011, p. 24) 
771

 Verbatim from Kliejunas (2011, p. 24) 
772

 Verbatim from Kliejunas (2011, p. 23) 
773

 Verbatim from Kliejunas (2011, p. 23) 
774

 Verbatim from Kliejunas (2011, p. 23) 
775

 Verbatim from Kliejunas (2011, p. 23) 
776

 Verbatim from Kliejunas (2011, p. 23) 
777

 Verbatim from Kliejunas (2011, p. 23) 
778

 Verbatim from Kliejunas (2011, p. 29) 
779

 Verbatim from Kliejunas (2011, p. 29) 
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 Cytospora canker of alder: Warmer temperatures and drier conditions will stress the host, 

increasing its susceptibility to infection and to canker growth.
780

 Wetter conditions may reduce 

the host moisture stress, slowing or stopping canker growth.
781

  

 Dwarf mistletoe: As climate changes, the distribution of dwarf mistletoes is expected to follow 

the shift in distribution of their hosts.
782

 Because cold temperatures limit the ranges of many 

dwarf mistletoes, increases in temperature likely will result in range extensions.
783

 Increases in 

temperature will increase dwarf mistletoe survival and host infection.
784

 Decreases in 

precipitation will likely increase host stress, increasing damage from the pathogen.
785

 However, 

extremely dry conditions may result in host mortality, resulting in a decrease in survival and 

infection of dwarf mistletoe.
786

 

 Armarillia spp. root disease: The incidence of Armillaria root disease is likely to increase as 

temperatures increase and precipitation decreases, especially when hosts are stressed by moisture 

deficiency.
787

 A drier climate would, in general, stress hosts more than a wetter climate, and thus 

increase host susceptibility.
788

 Such increases not only will decrease tree growth and increase 

direct mortality, but may increase the incidence or severity of insect outbreaks on stressed 

trees.
789

 Armillaria sinapina, typically regarded as a weak pathogen of diverse hosts, is projected 

to cause more disease as incidence of stressed hosts increases.
790

 

  

                                                      
780

 Verbatim from Kliejunas (2011, p. 32) 
781

 Verbatim from Kliejunas (2011, p. 32) 
782

 Verbatim from Kliejunas (2011, p. 35) 
783

 Verbatim from Kliejunas (2011, p. 35-36) 
784

 Verbatim from Kliejunas (2011, p. 35) 
785

 Verbatim from Kliejunas (2011, p. 35) 
786

 Verbatim from Kliejunas (2011, p. 35) 
787

 Verbatim from Kliejunas (2011, p. 40). Kliejunas cites Shaw & Kile (1991) and the U.S. Office of Technology 

Assessment (1993) for information on the the increasing incidence of Armillaria as temperatures increase and 

precipitation decreases. 
788

 Verbatim from Kliejunas (2011, p. 41) 
789

 Verbatim from Kliejunas (2011, p. 41). Kliejunas cites Battes & others (2006) for this information. 
790

 Verbatim from Kliejunas (2011, p. 41). Kliejunas cites Morrison & others (1985) for information on A. sinapina 

being a weak pathogen, and Klopfenstein & others (2009b) for information on projections for more disease as host 

stress increases. 
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Table 19. Future risk potential of disease damage from forest pathogens under two climate change scenarios.* 

Pathogen Typical Host(s) 
Future Risk Potential** 

Warmer-drier Warmer-wetter 

Dothistroma needle blight 

(D. septosporum, D. pini) 
Pine species, especially lodgepole pine Low Moderate 

P. gaeumannii, Swiss 

needle cast 
Douglas-fir Low Moderate 

P. ramorum, sudden oak 

death 

Coast live oak, tanoak, European beech, 

others 
Moderate Very high 

C. ribicola, white pine 

blister rust 

Eastern, western, & southwestern white pine, 

sugar pine, whitebark pine, limber pine, 

foxtail pine, Rocky Mountain bristlecone pine 

Moderate Moderate 

C. umbrina, cytospora 

canker of alder 
Thinleaf alder, Sitka alder, green alder High  Moderate 

Dwarf mistletoe 
Pines, spruces, larches, douglas-firs, firs, 

hemlocks, and the cypress family 
High  High 

Armillaria root disease Many conifer species, occasionally hardwoods Very high High 

*Climate change scenarios refer to a warmer-drier or warmer-wetter future. Models were not used in this 

analysis. 

**Risk potential is estimated as the likelihood of increased disease damage multiplied by the potential 

consequences of increased disease damage (Kliejunas 2011, p. 4). 

Source: Kliejunas (2011). Table created by authors of this report. 

 

Figure 24. Tree species' ranges (green) overlaid with the 

vulnerable areas (orange) as well as where climatic 

conditions are moderate or higher for mountain pine beetle 

(red) for (A) lodgepole pine and (B) jack pine using 2001-

2030 climate and (C-D) 2010-2040 climate. (For 

interpretation of the references to color in this figure legend, 

Coops et al. (2012) refer the reader to the web version of the 

cited article). 

Source: Reproduced from Coops et al. (2012, Figure 6, p. 

169) by the authors of this report. 

Figure 23. Areas where climatic conditions 

for mountain pine beetle expansion are greater 

than or equal to moderate and coincide with 

where the tree hosts (i.e., lodgepole and jack 

pine) are deemed vulnerable for 2001-2030 

climate (tan) and 2010-2040 climate (red). 

(For interpretation of the references to color in 

this figure legend, Coops et al. (2012) refer 

the reader to the web version of the cited 

article). 

Source: Reproduced from Coops et al. (2012, 

Figure 7, p. 169) by the authors of this report. 
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Southcentral and Southeast Alaska 

Higher winter temperatures will facilitate 

movement of Sitka aphids toward the mainland 

and expand the area and frequency of attack.
791

 

Lodgepole pines in Haines and Skagway may 

soon be infected (i.e., by mountain pine 

beetle), and the closely related shore pine, 

common in the bogs of southeastern Alaska, 

could be impacted if the pine beetles switch 

hosts.
792

 Mountain pine beetles have moved up 

in elevation at nearly twice the rate of their 

host forests and are expected to shift to even 

higher latitudes and elevations.
793

 Models 

predict that western balsam bark beetle 

outbreaks will occur nearly 100 feet (~30 

meters) higher for every 1.8°F (1.0 °C) 

increase in temperature.
794

 

Following the sequential and large outbreaks 

of the 1850s, 1870–1880s, and 1910s on the 

Kenai Peninsula, spruce beetle outbreaks did 

not occur widely again until the 1970s.
795

 This 

suggests that it may take decades before spruce 

forests on the Kenai Peninsula mature 

following the 1990s outbreak and again 

become susceptible to another large spruce 

beetle outbreak.
796

 However, if the recent 

warming trend continues, endemic levels of 

spruce beetles will likely be high enough to 

perennially thin the forests as soon as the trees 

reach susceptible size.
797

  

Southwest Yukon Territory 

If this warming trend persists (i.e., of summer 

temperatures), spruce beetle outbreaks may 

continue to increase in their frequency and 
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 Verbatim from Kelly et al. (2007, p. 54) 
792

 Nearly verbatim from Kelly et al. (2007, p. 54-55) 
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 Verbatim from Kelly et al. (2007, p. 55). Kelly et al. cite Williams & Liebhold (2002) for this information. 
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Figure 25. Predicted probability of spruce beetle offspring 

developing in a single year in spruce forests across the range 

of this insect in North America during three climate normal 

periods: (a) 1961-1990, (b) 2001-2030, and (c) 2071-2100, 

and only in the western United States in (d) 1961-1990, (e) 

2001-2030, and (f) 2071-2100. Higher probability of one-

year life-cycle duration translates to higher probability of 

population outbreak and increased levels of spruce-beetle-

caused tree mortality. Model results (2001-2030 and 2071-

2100 vs. 1961-1990; CRCM v. 4.2.0 runs ADJ and ADL run 

under A2) are shown only for areas estimated to be 20
th

-

century spruce habitat (from Little 1971).  

Source: Reproduced from Bentz et al. (2010, Figure 1, p. 

607) by authors of this report. 
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intensity and expand into areas and to tree species that have been uncommonly infested.
798

  

Western British Columbia 

The resilience and condition of the forests will be tested by climate-induced spread of insects, diseases, 

and invasive species.
799

 The range and impacts of insect pests and diseases, especially of forest trees, is 

expected to expand.
800

 There are at least twelve native insect species that have the potential for significant 

detrimental impact on B.C. forests.
801

 These include western spruce budworm and spruce bark beetle.
802

 

In addition, Douglas-fir bark beetle and western balsam bark beetle are also high priority.
803

 

Non-native pests are also expected to expand their range in the province.
804

 Insects such as the Asian 

gypsy moth, the Asian long-horned beetle, and the European wood wasp have the potential to spread in 

southern B.C., causing more damage as the climate warms.
805

 The same is true of leaf and root diseases, 

such as sudden oak death and needle blights, which are likely to become more widespread in a warmer 

and wetter climate.
806

 

In a study of the spatial outbreak patterns of mountain pine beetle, Sambaraju et al.’s (2012) results imply 

that temperature effects on the tree-killing behavior of mountain pine beetle will be especially manifested 

through winter weather patterns.
807

 These include cold snaps, which may cause a 69–87% decrease in the 

odds of finding beetle killed-trees in a given area, and large, sudden drops in daily winter temperatures 

(results acquired under a combination of four simulated climate change and two climatic variability 

scenarios using adapted terms from a spatial-temporal logistic regression model and the peak year of the 

current outbreak, 2005, as a case study).
808

 Sambaraju et al.’s (2012) results also reveal that forested 

regions at high elevation and latitudes further north of the current range of the mountain pine beetle in 

British Columbia could become outbreak-prone due to climate change.
809

 Small shifts in temperature 

resulted in occurrences of new areas of outbreaks first at higher elevations (1.8 °F and 3.6 °F; 1 °C and 2 

°C) and then at northern latitudes (7.2 °F; 4 °C) (Figure 26).
810

 Specifically: 

 Increasing mean temperatures caused increases in the net numbers of higher risk cells.
811

 The 

percentage of reduced risk cells occurring at elevations ≤ 4921 feet (≤ 1500 meters, m) was 

                                                      
798

 Nearly verbatim from Berg et al. (2006, p. 230). Berg et al. cite Juday et al. (2005) for this information. 
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 Nearly verbatim from Sambaraju et al. (2012, p. 217). Climate change could alter the distribution of mountain 

pine beetle outbreaks in western Canada. 
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 Verbatim from Sambaraju et al. (2012, p. 217). Sambaraju et al. refer the reader to Figures 5a and 5b in the cited 

article for this information. 
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higher under a 7.2 °F (4 °C) scenario, when compared to a 1.8 °F (1 °C) or a 3.6 °F (2 °C) 

scenario.
812

  

 Conversely, the percentage of cells with increased outbreak risk at elevations > 4921 feet (> 1500 

m) was higher for 1.8 °F (1 °C) mean temperature increase scenario compared to a 3.6 °F (2 °C) 

or a 7.2 °F (4 °C) scenario.
813

  

 

Figure 26. Elevational and latitudinal changes in median outbreak probabilities for mountain pine beetle under four 

simulated climate change scenarios at a variability of 1 °C. Cells colored differently under (a) 1 °C, (b) 2 °C, and (c) 

4 °C mean temperature increases indicate areas where median probability for that particular cell increased or 

decreased to the next higher (red cells) or lower (green cells) risk class, respectively, compared to a 0 °C 

temperature increase scenario. Arrow in (c) points to a grid cell (in red) at –120.8 °W/58.0 °N that showed a 15% 

increase in outbreak risk under a 4 °C mean temperature increase.  

Source: Reproduced from Sambaraju et al. (2012, Figure 4, p. 220) by authors of this report. 
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The potential influence of climate on pest outbreak risk was also modeled using an approach that maps 

out the future projected locations of the range of present-day climate associated with presence of the 

species of interest (2020s, 2050s, & 2080s vs. 1961-1990 run with CGCM3, A2 run 5 and HadGEM1, 

A1B run 1).
814

 Results are available for western spruce budworm and spruce bark beetle: 

 Western spruce budworm: The warm/wet scenario (i.e., CGCM3 A2 run 5) shows increasing 

western spruce budworm outbreak risk in central and northwestern B.C. and decreases from high 

to medium risk in many interior southern valleys.
815

 The hot/dry scenario (i.e., HadGEM1 A1B 

run 1) indicates a smaller area of increasing western spruce budworm risks than the warm/wet 

scenario.
 816

 A considerable portion of B.C. has no historical analogue climate (in B.C.) by the 

2080s.
817

 

 Spruce bark beetle (Figure 27): In the warm/wet scenario (i.e., CGCM3 A2 run 5), small areas 

of decreased spruce bark beetle risk in central B.C. and increased risk in northwestern B.C. 

during the 2020s and 

2050s give way to a 

considerable area of 

undefined risk by the 

2080s in central valleys as 

climatic conditions change 

sufficiently to have no 

analogue within the 

historically observed 

range of spruce bark 

beetle outbreaks in B.C.
818

 

In the hot/dry scenario 

(i.e., HadGEM1 A1B run 

1), risk of spruce bark 

beetle outbreaks shows 

small increases and a shift 

to undefined, no 

historically observed 

analogue climates at an 

even quicker pace and 

                                                      
814

 Verbatim from Murdock et al. (2013, p. 78). Pest outbreak distribution and forest management impacts in a 

changing climate in British Columbia. 
815

 Nearly verbatim from Murdock et al. (2013, p. 82). Murdock et al. refer the reader to Figure 4, top panel, in the 

cited article for this information. 
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 Nearly verbatim from Murdock et al. (2013, p. 82) 
817

 Verbatim from Murdock et al. (2013, p. 82). Murdock et al. refer the reader to Figure 4, bottom panel, in the cited 

article for this information. 
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 Nearly verbatim from Murdock et al. (2013, p. 82). Murdock et al. refer the reader to Figure 5, top panel, in the 

cited article for this information. 

Figure 27. Projected spruce bark beetle outbreak risk: top row: warm/wet 

projection (CGCM3 A2 run 5), bottom row: hot/dry projection (HadGEM A1B run 

1) for 2020s (left), 2050s (middle), and 2080s (right). 

Source: Reproduced from Murdock et al. (2013, Figure 5, p. 84) by authors of this 

report. 
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bigger scale than western spruce budworm.
819

 

Pacific Northwest 

In the Pacific Northwest, where the mean annual temperature currently is below the optimum (77 °F; 25 

°C) for Armillaria (i.e., a root disease) growth, increases in temperature are likely to result in increased 

prevalence and rate of spread of root disease.
820

 Forecasts of future climate trends for the Pacific 

Northwest also suggest a probable expansion of the area affected by Swiss needle cast beyond the western 

Coast Range (i.e., of Washington, Oregon, and California) as winter temperatures and spring precipitation 

continue to increase, resulting in greater disease pressure on Douglas-fir stands further inland.
821

 

Two implications derived from climate models are that, as average temperatures increase, there will be a 

subsequent increase in the geographic range of the fly (Drosophila suzukii) and the number of generations 

per year.
822

 

Western Washington 

Due to climatic stress on host trees, mountain pine beetle outbreaks may increase in frequency and levels 

of tree mortality.
823

 Mountain pine beetles will reach higher elevations due to an increase in favorable 

temperature conditions for the beetles in these areas as the region warms.
824

 Conversely, this species may 

become less of a threat at middle and lower elevations as the region warms, due to less favorable 

temperature conditions.
825

 Other insect species may emerge in areas that are no longer suitable for the 

mountain pine beetle.
826

 

Western Oregon 

Rising temperatures will cause adaptive seasonality (for mountain pine beetle) to decrease in low 

elevation forests, which in some model simulations results in a distinct overall projected decrease in the 

area attacked by mountain pine beetle.
827

 High elevation forests, however, are likely to experience an 

increase in adaptive seasonality and hence of mountain pine beetle attacks in the coming decades, 

increasing the pressure on high elevation pine species such as whitebark pine.
828

 Later in the 21
st
 century, 

adaptive seasonality is expected to also decline in high elevation forests, if warming continues as 

projected.
829
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In the Oregon Coast Range, Swiss needle cast (caused by the fungus Phaeocryptopus gaeumannii), a 

foliage disease of Douglas-fir, was found to be highly sensitive to winter temperature with an average 

predicted increase of 9.2% in infected needles per 1.8 °F (1 °C) increase in temperature.
830

 Under future 

climate change scenarios, Swiss needle cast impacts are likely to increase along the coast from northern 

Oregon to British Columbia, New Zealand, and elsewhere where June-July precipitation is much higher 

than the P. gaeumannii-limiting threshold of 3.94 inches (110 mm), and decrease along the coast from 

California to southern Oregon and elsewhere where summer precipitation is at or below the threshold.
831

 

More extreme weather conditions projected for the future could facilitate sudden oak death in Oregon.
832

 

Northwest California 

Despite the rapid spread of sudden oak death and its severe impacts on oak populations, relatively little is 

known about how composition of the vegetation should change in affected forests.
833

 Unsurprisingly, 

these changes include declines in oak basal area.
834

 Where oaks co‐occur with California bay laurels, bays 

are expected to increase.
835

 In other areas, oaks co‐occur with redwoods, so redwoods are expected to 

increase.
836

 

Information Gaps 

Research should identify herbivores (i.e., herbivorous insects) and pathogens that are likely to be key 

agents of forest disturbance in the next fifty years.
837

 Integrated continental surveys are needed to 

determine the sensitivity of different types of pests and diseases to environmental change and the 

potential for increased outbreaks of insect herbivores and pathogens at the margins of their existing 

ranges.
838

 To understand the interactions between forest disturbance and management, how the genetic 

diversity of host plants will determine the future epidemiology of forest pathogens needs further 

exploration.
839

 Critical evaluations of known patterns of species change and yield following past climate 

changes are needed, along with models of succession that incorporate disturbance processes.
840

 

An analysis of the dynamics of bark beetle eruptions suggests that future research needs to 

comprehensively address six elements:  

 Identifying thresholds and key variables that trigger changes in the relative strengths of various 

feedbacks;  
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 Understanding underlying mechanisms and factors promoting the concurrence of multiple 

causalities;  
 Using historical patterns to analyze existing drivers and to predict future system states;  
 Characterizing thresholds beyond which changes are most likely irreversible;  
 Estimating potential endogenous responses arising from herbivores, hosts, symbionts, and natural 

enemies, by studying their phenotypic plasticities, intraspecific variation, and likely evolutionary 

changes; and,  
 Integrating our understanding of multiple factors into a framework for predicting future 

eruptions.
841 

Raffa et al. (2008) further propose that applying evolutionary models within a framework of threshold 

theory can improve the ability to anticipate regime shifts.
842

 

Approaches that are currently available for predicting climate influences on forest disease provide a solid 

foundation for forest planning.
843

 However, further refinements will improve accuracy and utility of these 

approaches.
844

 Of critical need is more information on the current distribution of accurately identified 

pathogens.
845

 Prediction models can be further improved by including additional information, such as 

more precise climate data, other geographic information (e.g., slope, aspect, topography), and other 

environmental data (e.g., soil type, habitat type).
846

 Once climatic influences on host and pathogen 

distribution are better understood, information is frequently needed to determine the climatic conditions, 

seasonal/annual weather, and microclimates that are suitable for the development of disease.
847

 Continued 

surveys and research can provide necessary information for refining predictions of climate influence on 

diverse forest diseases.
848

 An integration of diverse tools and data is necessary to improve predictions for 

climatic influence on forest disease.
849

 

Because land-cover patterns can affect atmospheric circulation and cloud formation, changes in forest 

structure in the aftermath of fire, wind or ice storms, hurricanes, landslides, drought, and pest outbreaks 

may alter weather or climate conditions.
850

 This interaction needs to be studied and better understood.
851
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Discussion: Direct & Indirect Effects of Climate Change on Bark Beetles 

The time required to complete a generation varies among bark beetle genera, species within a genus, 

populations within a species, and individuals within a population.
852

 Some species, such as the western 

pine beetle, and the piñon ips, produce more than one generation per year.
853

 Others, including the spruce 

beetle and mountain pine beetle, require one, two, or even three years to produce a single generation, 

depending on the temperature profile at a particular locale within their large geographic ranges.
854

 

Direct effects of climate change on bark beetle population dynamics will occur predominantly through the 

influence of temperature on life-history strategies that (a) maintain adaptive developmental timing leading 

to synchronized population emergence and life-cycle timing, and (b) facilitate cold tolerance and 

avoidance of low-temperature-induced mortality:
855

 

 Developmental timing: Although little is known about specific temperature-dependent 

developmental processes of many bark beetle species, research suggests that at least two 

predominant strategies, diapause and direct temperature control, have evolved to maintain 

appropriate life-cycle timing.
856

 Each strategy may be differentially affected by climate change:
857

 

o Diapause is a dynamic, endocrine-mediated and environmentally driven dormancy that 

occurs at a specific life stage.
858

 The effect of climate change on these species (i.e., fir 

engraver, spruce beetle, Douglas fir beetle, eastern larch beetle, and pine engraver, all 

indigenous to western North America) will depend on the life stage in which diapause 

occurs.
859

 For example, high summer temperatures prevent facultative (i.e., optional) 

prepupal diapauses of the spruce beetle, resulting in beetles that complete their life cycles 

in a single year, compared with two years when the diapause is invoked, potentially 

leading to exponential population growth.
860

 Conversely, an obligatory adult diapause 

initiated by low temperatures, as in spruce beetles and Douglas-fir beetles, could be 

disrupted by higher minimum temperatures.
861

 

o Direct temperature control: Temperature pattern throughout a life cycle is critical to 

appropriate seasonality, and predicted rises in temperature could affect both 

developmental thresholds and rates in multiple life stages.
862

 Additional fitness 

parameters potentially affected include higher adult longevity and prolonged adult 

emergence and flight.
863

  

 Cold tolerance: Cold tolerance for these insects (i.e., those listed previously) is therefore greatest 

during the winter months, and lowest during periods of glycerol synthesis and catabolism (i.e., the 
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breakdown of complex molecules into simpler molecules) in autumn and spring, respectively, 

suggesting a direct correlation between increasing minimum temperatures associated with climate 

change and a reduction in cold-induced beetle mortality.
864

  

Bark beetle population success will be influenced indirectly by the effects of climate on community 

associates, host-tree vigor, and host abundance:
865

 

 Community associates: Because benefits to the mountain pine beetle are not the same for each 

fungal species, shifts in temperature and precipitation associated with climate change could 

indirectly affect mountain pine beetle population dynamics through direct effects on fungal 

symbionts (e.g., Grosmannia clavigera and Ophiostoma montium).
866

 Other community 

associates and trophic interactions, including avian predators and insect parasitoids and predators, 

undoubtedly will also be influenced by abiotic factors associated with climate change.
867

 

 Host-tree physiology: The indirect negative effects of enhanced CO2 on bark beetle growth and 

survival are, at least in part, outweighed by other climate-change-induced effects on host trees, 

including reduced defenses.
868

 Although the mechanisms connecting drought stress to bark beetle 

outbreaks are not well understood in western North America ecosystems, it is clear that effects 

will vary regionally and by bark beetle-host species complex because of differences in critical 

feedbacks driving beetle population dynamics, as well as physiological differences among tree 

species.
869

 However, drought-induced alterations to tree defensive capacity ultimately reduce the 

threshold number of beetles necessary for a successful mass attack, thereby relaxing the 

constraints on critical thresholds that must be surpassed for bark beetle outbreaks to occur.
870

 

 Host-tree distribution: Bark beetles are intextricably linked to their host trees, and will 

undoubtedly influence the formation of new western North American coniferous forests as 

predicted broad-scale tree migrations occur this century.
871

 For example, although spruce beetle 

outbreak potential will be enhanced by higher temperatures throughout the century, reductions in 

the range of Engelmann spruce in the western United States, also as a result of climate change, 

could cause an overall reduction in long-term spruce beetle impacts in that region (Figure 25).
872

 

Please see Chapter VI, Sections 2 through 4 for additional information on changes in tree 

distribution. 
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5. Altered patterns of landslides, ice & wind storms, and 

avalanches 

Both slow and rapid movements of soil, rock, and associated vegetation are triggered directly by climate 

factors and indirectly by climate-influenced processes (e.g., stream-bank erosion) and by non-climate 

factors such as earthquakes and volcanism.
873

 Triggering climatic events include snowmelt and intense 

rainfall, including that associated with hurricanes.
874

 Landslide frequency and extent are influenced by 

precipitation amount and intensity; snow accumulation, melt rate, and distribution; and roads and other 

land uses.
875

 The potential for a site to slide is influenced by slope steepness, properties of soil and rock, 

and hydrologic factors.
876

 Vegetation influences the 

likelihood of sliding through the soil-stabilizing effects 

of root systems and the effects of vegetation structure 

and composition on hydrology.
877

  

Ice storms are caused by rain falling through sub-

freezing air masses close to the ground; those air masses 

supercool the raindrops, which freeze on impact.
878

 Ice 

accumulation can vary dramatically with topography, 

elevation, aspect, and areal extent of the region where 

conditions favor glaze formation.
879

 Depending on 

forest stand composition, amount and extent of ice 

accumulation, and stand history, damage can range from 

light and patchy to total breakage of all mature stems.
880

 

Effects on forest stands include shifts in overstory 

composition in favor of more resistant tree species, loss 

of stand growth until leaf area is restored, and damage 

to stem form.
881

 Damaged stems are then more susceptible to the impacts of insects and disease.
882

 

Recently thinned stands can be highly vulnerable because crowns have spread into the new space but 

branch strength has not developed.
883

 Several tree species can survive within areas frequented by ice 

storms.
884

 Even though the weather conditions producing ice storms are well understood, it is not known 

how changes in climate will affect the frequency, intensity, location, or areal extent of ice storms.
885
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Key Terms in this Section  

Denudation: long-term wearing away of the 
earth’s surface by weathering, erosion, and mass 
wasting 

Ice Storm: an occurrence of freezing precipitation 
resulting in either structural damage or at least 
0.25 inch (~0.64 cm) of ice accumulation 

Landslide: the downward and outward 
movement of slope-forming materials including rock, 
soil, and/or artificial till, which may fall, topple, 
slide, spread, or flow during a slide event 

Sources: Joyce et al. (2001); National Weather 

Service (2009); USGS (2004) 
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Locations of big blowdown patches may occur more often in areas highly susceptible to maritime 

windstorm activity.
886

 Windstorms can cause heavy mortality, produce canopy disruption, reduce tree 

density and size structure, and change local environmental conditions.
887

 Consequently, the disturbance 

may trigger advance regeneration, seed germination, and accelerated seedling growth.
888

 These effects can 

change successional patterns, gap dynamics, and other ecosystem-level processes.
889

 The relationship 

between wind strength and severity of disturbance is not constant across different forests and species; 

although shallow-rooted species and thinned stands may be especially vulnerable to wind events, multiple 

factors influence tree response to high winds.
890

 

Understanding the causes of landslides, ice and wind storms, and 

avalanches 

Climate change effects on landslides reflect changes in the delivery of water to soils through altered 

precipitation and snow hydrology.
891

 Because climate change is expected to vary geographically and with 

elevation, landslide responses will vary with similar complexity.
892

 Landslides are expected to be less 

frequent in areas where GCM scenarios predict reduced overall precipitation or reduced snowmelt 

because of warming trends, limiting snow accumulation.
893

 The most socially and ecologically significant 

landslides are triggered by intense precipitation.
894

 Thus climate change that increases storminess, and 

hence soil saturation, will increase landslide occurrence.
895

 Landslides remove soil and vegetation from 

steep slopes and damage forests on gentler slopes where landslide deposits come to rest.
896

 Landslides in 

forest landscapes can also damage aquatic resources and threaten public safety.
897

 Yet it is important to 

recognize that landslides are natural components of terrestrial and aquatic ecosystems.
898

 

Though weather conditions producing ice storms are well understood, it is unclear how changes in climate 

will affect their frequency, intensity, regional location, or areal extent.
899

 However, atmospheric warming 

will most likely shift the locations of prevailing ice storms northward.
900

 

Small-scale wind events are products of mesoscale climatic circumstances and thus may be affected by 

climate changes, although the type and amount of alteration in windstorm characteristics cannot be 

predicted because these smaller-scale events are below the resolution of today’s GCMs.
901

 

                                                      
886

 Nearly verbatim from Harcombe et al. (2004, p. 80) 
887

 Verbatim from Dale et al. (2008, p. 728) 
888

 Verbatim from Dale et al. (2008, p. 728). Dale et al. cite Peterson & Pickett (1995) for this information. 
889

 Verbatim from Dale et al. (2008, p. 728) 
890

 Verbatim from Dale et al. (2008, p. 728) 
891

 Verbatim from Dale et al. (2008, p. 729). Dale et al. cite Buma & Dehn (1998) for this information. 
892

 Verbatim from Dale et al. (2008, p. 729) 
893

 Verbatim from Dale et al. (2008, p. 729). Dale et al. cite Buma & Dehn (1998) and Dehn (forthcoming) for this 

information. 
894

 Verbatim from Dale et al. (2008, p. 729) 
895

 Verbatim from Dale et al. (2008, p. 729) 
896

 Verbatim from Dale et al. (2008, p. 729) 
897

 Verbatim from Dale et al. (2008, p. 729) 
898

 Verbatim from Dale et al. (2008, p. 729) 
899

 Verbatim from Dale et al. (2008, p. 729) 
900

 Verbatim from Dale et al. (2008, p. 729) 
901

 Verbatim from Dale et al. (2008, p. 728) 
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Observed Trends 

Western North America 

Landslide processes exhibit very strong geographic patterns.
902

 Pacific coastal mountains are particularly 

prone to sliding because of weak rocks, steep slopes, and high precipitation from frontal storms in these 

tectonically active areas.
903

 

Southcentral and Southeast Alaska 

Wind-generated disturbance is the principal disturbance affecting the dynamics of coastal temperate 

rainforests of southeast Alaska.
904

 A disturbance continuum driving forest processes exists over southeast 

Alaska, spanning landscapes ranging from those buffeted by recurrent large-scale wind disturbance to 

those protected from catastrophic wind where autogenic, gap-phase processes operate.
905

 Studies indicate 

that blowdowns in southeast Alaska range widely in size (1 to 1,000 acres) and disproportionately occur 

as smaller patches (typically less than 50 acres, or approximately 20 hectares) as depicted by size 

distributions on Chichagof Island.
906

 

For example, windthrow has affected >20% of the forests on Kuiu Island.
907

 Many large catastrophic 

wind storms have affected Kuiu Island in the last 400 years.
908

 These catastrophic storms affect some 

portion of Kuiu Island every 100 years, well within the lifespan of dominant forest species.
909

 

Forest susceptibility to blowdown may be highest during wet, stormy periods, when gusty conditions are 

prevalent and soil stability is reduced by saturation.
910

 In southeast Alaska, productive western hemlock 

and western hemlock-Sitka spruce forests are the least windfirm.
911

 These productive forests are 

particularly susceptible to blowdown because of large, top-heavy canopies and tall tree heights.
912

 In 

contrast, cedar-dominated forests (western redcedar and Alaska-cedar) growing on wet sites are most 

                                                      
902

 Verbatim from Joyce et al. (2001, p. 499) 
903

 Verbatim from Joyce et al. (2001, p. 499) 
904

 Verbatim from Kramer et al. (2001, p. 2750). Abiotic controls on long-term windthrow disturbance and 

temperate rain forest dynamics in southeast Alaska. Kramer et al. cite Veblen & Alaback (1996) for this 

information. 
905

 Verbatim from Nowacki & Kramer (1998, p. 15). The effects of wind disturbance on temperate rain forest 

structure and dynamics of southeast Alaska. Nowacki & Kramer cite Kramer (1997) for information on the 

disturbance continuum. Nowacki & Kramer refer the reader to Figure 6 in the cited report for information on 

landscapes buffeted by recurrent large-scale wind disturbance and to Figure 7 in the cited report for information on 

landscapes protected from catastrophic wind.  
906

 Nearly verbatim from Nowacki & Kramer (1998, p. 8). Nowacki & Kramer refer the reader to Table 2 in the 

cited report for information on the size of blowdowns and to Figure 4 for the size distributions on Chichagof Island. 
907

 Nearly verbatim from Kramer et al. (2001, p. 2760) 
908

 Verbatim from Kramer et al. (2001, p. 2760) 
909

 Verbatim from Kramer et al. (2001, p. 2760) 
910

 Verbatim from Nowacki & Kramer (1998, p. 9). Nowacki & Kramer cite Foster (1988) and Harris (1989) for this 

information.  
911

 Verbatim from Nowacki & Kramer (1998, p. 9) 
912

 Verbatim from Nowacki & Kramer (1998, p. 9). Nowacki & Kramer cite Foster (1988), Foster & Boose (1992), 

and Lohmander & Helles (1987) for this information.  
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windfirm.
913

 The windfirmness of wetland forests, where canopies are rather open and trees are short and 

tapered, has been recognized elsewhere.
 914

 

Harris (1989) working on Prince of Wales and associated Islands and Kramer (1997) on Kuiu Island 

found blowdowns to be concentrated on certain topographic locations:
915

 

 South-facing slopes: Areas prone to blowdown often were south-facing slopes directly exposed 

to prevailing winds.
916

 

 East- and west-facing slopes: Blowdown patches frequently extend onto east- and west-facing 

slopes where winds tend to accelerate as they round mountain flanks.
917

 

 Areas impeding airflow: In general, trees growing on topographic features impeding airflow are 

quite susceptible to blowdown.
918

 In particular, high-intensity blowdowns frequently occur on 

exposed areas, often on hilltops and along ridge noses.
919

 

Harris (1989) concluded that areas least prone to large-scale blowdown occur within wind shadows along 

north- and northwest-facing slopes or in the lee (northward, in this case) of high mountains that deflect 

wind.
920

 

Western British Columbia 

Guthrie and Brown (2008) estimated the variability in landslide rates on Vancouver Island over the 

Holocene and suggested that increases in landslide rates doubled during shifts from drier to wetter periods 

(Table 20).
921

 Based on a mean landslide size, it is estimated that debris slides and flows eroded an 

average of 0.2 ft/ft
2
 (0.7 m/m

2
) across Vancouver Island during the last 10,000 years.

922
  

In more recent history, large rock slides appear to have responded to warming trends of the past few 

decades by destabilizing from snow and ice melt and increasing freeze thaw processes.
923

 Larger soil 

slides are more common during long periods (years to decades) of above-average precipitation, likely 

from soil saturation.
924

 Prolonged periods of increased precipitation or temperature have increased the 

vulnerability of slopes to failure in these areas, whereas large or intense storms are often the trigger.
925

 

Shifts in landslide rates attributed to changes in climatic regimes are thought to be of a similar order of 

                                                      
913

 Verbatim from Nowacki & Kramer (1998, p. 9) 
914

 Verbatim from Nowacki & Kramer (1998, p. 9). Nowacki & Kramer cite Foster & Boose (1992) for this 

information.  
915

 Verbatim from Nowacki & Kramer (1998, p. 8). Nowacki & Kramer refer the reader to Table 2 in the cited report 

for this information. 
916

 Verbatim from Nowacki & Kramer (1998, p. 8) 
917

 Verbatim from Nowacki & Kramer (1998, p. 8). Nowacki & Kramer cite Harris (1989) for this information.  
918

 Verbatim from Nowacki & Kramer (1998, p. 8). Nowacki & Kramer cite Harris (1989) for this information.  
919

 Verbatim from Nowacki & Kramer (1998, p. 8). Nowacki & Kramer cite Harris (1989) for this information.  
920

 Verbatim from Nowacki & Kramer (1998, p. 8) 
921

 Nearly verbatim from Pike et al. (2010, p. 704) 
922

 Nearly verbatim from Guthrie & Brown (2008, p. 32) 
923

 Nearly verbatim from Pike et al. (2010, p. 704). Pike et al. cite Egginton (2005) and Geertsema et al. (2007) for 

this information. 
924

 Verbatim from Pike et al. (2010, p. 704). Pike et al. cite Egginton (2005) and Geertsema et al. (2007) for this 

information. 
925

 Verbatim from Pike et al. (2010, p. 704) 
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magnitude or smaller when compared to landslide responses to forest management in the 20th century.
926

 

Septer and Schwab (1995) summarized extreme rainstorm and landslide events in northwest British 

Columbia over the 1881–1991 period.
927

 Since 1900, the following changes in annual landslide frequency 

and size have been observed for northern British Columbia and Vancouver Island (Table 20): 

 Landslide frequency: In northern British Columbia, shallow slides and debris flows have 

occurred during infrequent large storms.
928

 On Vancouver Island by 50 years ago, the island wide 

total landslide rate was an estimated 303 landslides per year, with the rate increasing to modern 

levels of about 402 landslides per year or 0.024 landslides/(yr*mi
2
) (0.015 landslides ( 

yr*km
2
)).

929
 The figures for Vancouver Island reveal that the average landslide rate (below the 

alpine zone) in the last 50 years is close to twice the highest average landslide rate in the last 

10,000 years.
930

 

 Landslide size: In an analysis of landslide characteristics on the west coast of Vancouver Island, 

results indicate average denudation rates of 5,122 cubic feet per year per square mile (ft
3
 yr

-1
 mi

-2
; 

56 cubic meters per year per square kilometer), and higher natural rates of failure than analogous 

regions in coastal British Columbia.
931

 In contrast, the landslide rates are substantially less than 

those from forested watersheds.
932

 

Information on disturbance from erosion in glacial areas, snow avalanches, and wind storms is also 

available: 

 Erosion in glacial areas: Though the relationship to climate variability and change in the region 

is not completely understood, in recently exposed glacial forefield areas, sediment production 

rates have increased from both primary erosion of exposed slopes and remobilization of stored 

channel deposits.
933

  

 Snow avalanches: Mountainous terrain and heavy snowfall throughout northwest British 

Columbia leave many slopes susceptible to snow avalanches.
934

 Climatic conditions such as 

heavy snowfall, followed by warm weather and rainfall, trigger large catastrophic snow 

avalanches.
935

 

                                                      
926

 Verbatim from Pike et al. (2010, p. 704). Pike et al. cite Campbell & Church (2003) and Guthrie & Brown (2008) 

for this information. 
927

 Verbatim from Pike et al. (2010, p. 704). Note from authors of this report: Septer & Schwab produced a 

chronological catalogue of all events from 1891-1991 (see Septer & Schwab, pp. 7-173). Summary of events by 

disturbance type was not provided for landslides or snow avalanches, but was provided for major storm and flood 

categories (see Septer & Schwab, Appendix 7, pp. 190-191) and by river, creek, and lake (see Septer & Schwab, 

Appendix 6, pp. 183-189). 
928

 Verbatim from Pike et al. (2010, p. 704) 
929

 Nearly verbatim from Guthrie & Brown (2008, p. 31) 
930

 Nearly verbatim from Guthrie & Brown (2008, p. 31) 
931

 Nearly verbatim from Guthrie & Evans (2004, p. 1321) 
932

 Verbatim from Guthrie & Evans (2004, p. 1321) 
933

 Verbatim from Pike et al. (2010, p. 704). Pike et al. cite Orwin & Smart (2004) and Schiefer & Gilbert (2007) for 

this information. 
934

 Nearly verbatim from Septer & Schwab (1995, p. 5). 
935

 Verbatim from Septer & Schwab (1995, p. 5). 
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 Wind storms: Large-scale, catastrophic forest blowdown has, historically, been relatively rare in 

B.C., with return intervals of 300 to 500 plus years.
936

 Windstorms are more frequent on the coast 

than in the interior, and the tree mortality due to wind events also varies regionally, ranging from 

up to 80 percent in affected stands of wet coastal forests to less than 15 percent in interior 

Ponderosa pine forests.
937

 Disturbance regimes of wet coastal forests are currently dominated by 

fine-scale gap dynamics, with frequent events that affect only small numbers of trees.
938

  

Table 20. Rate and size of landslides over time on Vancouver Island, BC. 

Table created by authors of this report. 

Landslide Rate/Size 

Time Period Sources Annual # of 

landslides 

Annual # of landslides 

per square mile  

(per km
2
) 

Annual cubic feet per 

square mile  

(cubic meters per km
2
) 

121 
0.007 

(0.005) 
N/A 

8-10 millenia 

before present (BP) 

Guthrie & 

Brown (2008) 

 

221 
0.01 

(0.008) 
N/A 4-6 millenia BP 

191 
0.01 

(0.007) 
N/A 0-3 millenia BP 

191 
0.01 

(0.007) 
N/A 7 millenia BP 

303 
0.018 

(0.011) 
N/A 50-99 years BP 

402 
0.024 

(0.015) 
N/A 0-49 years BP 

N/A N/A 
5122  

(56) 
 

Guthrie & 

Evans (2004) 

 

Western Washington 

Information needed. 

Western Oregon 

In the Neskowin Crest Research Area, located along the central coast of Oregon in a Sitka spruce-western 

hemlock zone, a large blowdown patch was the dominant wind-related feature, covering approximately 

15% of the study area.
939

 Aerial photographs of the area between 1953 and 1993, maps, visual inspection 

of the area, and modeling provide information on patterns in forest structure and their causes over time, 

including distribution, composition, and the timing and rate of wind-related disturbance: 

                                                      
936

 Verbatim from Pojar (2010, p. 22). Pojar cites Lertzman et al. (1996) and Wong et al. (2003) for this information. 
937

 Verbatim from Pojar (2010, p. 22). Pojar cites Franklin et al. (1987) for this information. 
938

 Verbatim from Pojar (2010, p. 22). Pojar cites Lertzman et al. (1996) and Daniels & Gray (2006) for this 

information. 
939

 Nearly verbatim from Harcombe et al. (2004, p. 78) 
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 Distribution: Most of the large blowdown patch (67%) observed between 1953 and 1993 fell 

within the area predicted to have maximum blowdown probability by the WINDSTORM model, 

which was concentrated on south faces of secondary ridges west of the main north-south ridge 

which bisects the study area.
940

 The approximately 67% of the patch within the predicted highest 

probability of blowdown covered 28% of the entire predicted area.
941

 In other words, of the area 

most susceptible to blowdown according to the WINDSTORM model, 28% was characterized as 

a blowdown patch, and this comprised the majority of the observed blowdown patch (67%). 

 Composition: Visual inspection of recent photographs of the area showed that the large 

blowdown patch was quite heterogeneous by 1993.
942

 It was mostly made up of patches of small 

stems of varying sizes, which represented post-windthrow regeneration varying in date of origin, 

with remnant patches or individuals of the pre-blowdown second growth, and possibly even a 

very small number of old trees (>145 years).
943

 Increment cores taken in this patch showed 

breast-height ages that dated recruitment to the 1940s or even earlier, possibly as a result of small 

canopy gaps.
944

  

 Timing and rate of wind-related disturbance: The blowdown patch first appeared at a stand 

age of about 100 years when it was approaching maximum stand height of ~164 feet (50 m) and 

was in the late stem-exclusion stage.
945

 The rate of growth of the blowdown patch increased over 

time.
946

 The blowdown patch also appeared over time by repeated windthrow.
947

 Several patches 

in the susceptible area appeared at different times and seemed to grow at different rates, not 

always along the north edge.
948

 Furthermore, there were small gaps in other parts of the study 

area that did not grow rapidly.
949

 For these reasons, the researchers suggest that, in this case, 

susceptibility to blowdown is more a consequence of location than of presence of edges, though 

the edges undoubtedly influenced the rate and local pattern of blowdown.
950

 

Northwest California 

Information needed. 

                                                      
940

 Nearly verbatim from Harcombe et al. (2004, p. 76). Harcombe et al. refer the reader to Figure 5 in their article. 

Further, they state WINDSTORM is “a maritime windstorm susceptibility model developed in southeast Alaska” 

and that “maritime windstorm activity in coastal Oregon is similar in many ways to that of southeast Alaska. Both 

are driven by temperature instability between two large semi permanent air masses, the east Pacific High and the 

Aleutian Low, the result being the development of occasional large extra-tropical cyclonic windstorms” (p. 74). 
941

 Nearly verbatim from Harcombe et al. (2004, p. 78) 
942

 Nearly verbatim from Harcombe et al. (2004, p. 75) 
943

 Verbatim from Harcombe et al. (2004, p. 75) 
944

 Verbatim from Harcombe et al. (2004, p. 75). Harcombe et al. cite Greene et al. (1992) for information on 

recruitment. 
945

 Nearly verbatim from Harcombe et al. (2004, p. 78) 
946

 Verbatim from Harcombe et al. (2004, p. 79) 
947

 Nearly verbatim from Harcombe et al. (2004, p. 79) 
948

 Nearly verbatim from Harcombe et al. (2004, p. 79) 
949

 Verbatim from Harcombe et al. (2004, p. 79) 
950

 Nearly verbatim from Harcombe et al. (2004, p. 79) 
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Future Projections 

Western North America 

Increases in extremes of precipitation intensity, rain-on-snow during mid-winter melt, and transport of 

moisture in atmospheric rivers are all likely mechanisms for increasing sufficient pore water pressure or 

hillslope, thus increasing the risk of landslides, erosion, and gully formation for individual storms.
951

  

Direct effects of some climatic changes on sediment yield and mass wasting may be overshadowed by 

longer term, indirect effects through vegetation response.
952

 Although decreasing precipitation in some 

places might suggest reduced risks of erosion or landslides, this change may have indirect effects on 

mortality and thinning of vegetation and fire risk; these effects could have much greater consequences for 

erosion and landslides, through reductions in root reinforcement of soil and greater exposure of soil to 

precipitation effect and runoff.
953

 

Southcentral and Southeast Alaska 

Glaciers melting and the associated rebound of the land (isostatic rebound) may produce a myriad of 

impacts including increased frequency of earthquakes.
954

 Based on evidence from former melting events, 

it is predicted that isostatic rebound may decrease fault stability margin and increase thrust faulting events 

such as earthquakes and aftershocks.
955

 These changes in glacial ice loading can affect seismicity and 

regional tectonics and contribute to changes in hydrologic patterns, erosion, sedimentation, and changes 

to shorelines.
956

 Glacier Bay National Park contains some of the fastest measured rates of uplift in the 

world.
957

  

Western British Columbia 

Future changes in geomorphic processes will be driven primarily through changes in precipitation and 

temperature regimes.
958

 Recent trends are expected to continue.
959

 Information on landslides, disturbance 

related to glacial recession, snow avalanches, and wind storms is available: 

 Landslides: Landslide response to climate change in coastal British Columbia will largely follow 

the projected peak flow response in rain-dominated and hybrid streams.
960

 

                                                      
951

 Verbatim from Ryan et al. (2012, p. 35). Ryan et al. cite Easterling et al. (2000a) and Karl & Knight (1998) for 

information on extremes of precipitation intensity, Hamlet & Lettenmaier (2007), Lettenmaier & Gan (1990) and 

Wenger et al. (2011) for information on rain-on-snow events, and Dettinger (2011) and Ralph et al. (2006) for 

information on atmospheric rivers. 
952

 Verbatim from Ryan et al. (2012, p. 35). Ryan et al. cite Bull (1991), Collins & Bras (2008), Goode et al. (2011), 

Istanbulluoglu & Bras (2006), Kirkby & Cox (1995), Langbein & Schumm (1958), and Tucker & Bras (1998) for 

this information. 
953

 Verbatim from Ryan et al. (2012, p. 35) 
954

 Verbatim from Jezierski et al. (2010, p. 12) 
955

 Verbatim from Jezierski et al. (2010, p. 12). Jezierski et al. cite Sauber & Molnia (2004) for this information. 
956

 Verbatim from Jezierski et al. (2010, p. 12). Jezierski et al. cite Motyka et al. (2007) for this information. 
957

 Verbatim from Jezierski et al. (2010, p. 12) 
958

 Verbatim from Pike et al. (2010, p. 726) 
959

 Nearly verbatim from Pike et al. (2011, p. 726) 
960

 Nearly verbatim from Pike et al. (2011, p. 727) 
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 Disturbance related to glacial recession: Ongoing glacial recession will continue to promote 

periglacial processes in recently deglaciated areas.
961

 This includes increased geomorphic hazards 

such as outburst flooding, rock debuttressing, slope failures on over-steepened slopes, changes to 

sediment production, and suspended sediment fluxes.
962

 

 Snow avalanches: Increased storm intensities during the winter may lead to increased avalanche 

activity.
963

 Countering this process will be warmer-than-present winter temperatures which, in 

general, will result in lower temperature gradients within snowpacks, and therefore increased 

slope stability.
964

 In some areas, the winter snow line may migrate high enough so that lower-

elevation areas do not exceed threshold snow depths sufficient to initiate avalanches.
965

 This 

upward migration of the snow line, and encroachment of vegetation into avalanche paths, may 

lead to a corresponding upslope shift in avalanche runout zones.
966

 This process is most likely to 

be pronounced in coastal British Columbia, and particularly at or near the current tree line.
967

 

 Wind storms: Climate warming will increase the intensity of atmospheric convective processes 

and thus the frequency and intensity of windstorms.
968

 Northern Vancouver Island, areas of the 

central and northern B.C. mainland coast, and parts of Haida Gwaii are most susceptible to big 

blows.
969

 Frequency of catastrophic blowdown could increase to approximate wind disturbance 

regimes in parts of southeast Alaska.
970

 Large windthrow events there can have return intervals of 

less than 300 years, can dominate the disturbance regime, and are a major determinant of forest 

structure.
971

 Windstorms are often accompanied by increased precipitation, a combination that 

can destabilize soils and increase the frequency of landslides.
972

 

Pacific Northwest 

In the Pacific Northwest, much of the small, rapid landsliding occurs during rain-on-snow events in a 

broad elevation band where snow accumulates and melts several times in an average year.
973

 A simple 

warming without change in overall annual precipitation would be expected to result in reduced sliding by 

limiting the amount of snow (and its associated snowmelt) available to augment the rainfall reaching the 

soil.
974

 

Western Washington 

Information needed. 

                                                      
961

 Verbatim from Pike et al. (2010, p. 727) 
962

 Verbatim from Pike et al. (2010, p. 727). Pike et al. cite Moore et al. (2009) for this information. 
963

 Verbatim from Pike et al. (2010, p. 727) 
964

 Verbatim from Pike et al. (2010, p. 727) 
965

 Verbatim from Pike et al. (2010, p. 727) 
966

 Verbatim from Pike et al. (2010, p. 727) 
967

 Verbatim from Pike et al. (2010, p. 727) 
968

 Verbatim from Pojar (2010, p. 22) 
969

 Verbatim from Pojar (2010, p. 22) 
970

 Verbatim from Pojar (2010, p. 22) 
971

 Verbatim from Pojar (2010, p. 22). Pojar cites Nowacki & Kramer (1998) for this information. 
972

 Verbatim from Pojar (2010, p. 22). Pojar cites Schwab (1998) for this information. 
973

 Verbatim from Dale et al. (2008, p. 729) 
974

 Verbatim from Dale et al. (2008, p. 729) 
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Western Oregon 

Information needed. 

Northwest California 

Information needed. 

Information Gaps 

In southcentral and southeast Alaska, information is needed on observed trends and future projections for 

landslides, ice storms, and avalanches. Information on future wind storm projections is also needed. In 

western British Columbia, information is needed on observed trends and future projections for on ice 

storms. In western Washington, information is needed on observed trends for landslides, ice and wind 

storms, and avalanches. Information is also needed on future projections for avalanches, ice storms, and 

wind storms.In western Oregon, information is needed on observed trends for landslides, ice storms, and 

avalanches. Information is also needed on future projections for avalanches, ice storms, and wind storms. 

In northwest California, information is needed on observed trends for landslides, ice and wind storms, and 

avalanches. Information is also needed on future projections for landslides, ice and wind storms, and 

avalanches. 

Specific research needs that should improve the understanding of how climate change affects landslide, 

avalanche, storm, and wind-related forest disturbances include: 

 Understanding climatological conditions that initiate disturbance: Although there is a 

significant understanding of erosion and landslide processes, the ability to predict or manage 

high-risk areas is limited by uncertainty in predicting changes in precipitation amount, frequency, 

and location of extreme rainfall events.
975

 Therefore, a key information need is improved 

projections of changes in precipitation amount, and spatial and temporal distribution of extreme 

events.
976

 For long-term climate change projections, improved resolution in climate models is 

needed so that regional patterns can be projected.
977

 Better monitoring is needed to improve the 

characterization of ice accumulation in relation to storm characteristics and associated weather, 

especially the delineation of areas by amount of ice accumulation.
978

 Once the relationship 

between climate and disturbances has been quantified, more-accurate predictions of disturbances 

can be developed to minimize their impact.
979

  

 Understanding the effects of disturbances on microclimate: Because land-cover patterns can 

affect atmospheric circulation and cloud formation, changes in forest structure in the aftermath of 

fire, wind or ice storms, hurricanes, landslides, drought, and pest outbreaks may alter weather or 

climate conditions.
980

 This interaction needs to be studied and better understood.
981

 Another 

                                                      
975

 Nearly verbatim from Ryan et al. (2012, p. 35) 
976

 Nearly verbatim from Ryan et al. (2012, p. 36) 
977

 Verbatim from Dale et al. (2008, p. 731) 
978

 Verbatim from Dale et al. (2008, p. 732) 
979

 Verbatim from Dale et al. (2008, p. 732) 
980

 Verbatim from Dale et al. (2008, p. 732). Dale et al. cite Segal et al. (1988) for information on the effects of 

atmospheric circulation and cloud formation on land-cover patterns. 
981

 Verbatim from Dale et al. (2008, p. 732) 
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important interaction needing additional research is the effect of drought on adjustments of forest 

canopy leaf area and belowground allocation of carbon to hydrologic flowpaths and root 

reinforcement of soil.
982

 Further, a key information need is improved understanding of the effects 

of tree mortality and changing species composition on soil stability.
983

 

 Quantifying impacts of disturbances on forests: There is a paucity of basic information on the 

frequency, intensity, and spatial extent of some disturbances and their impacts on forests.
984

 This 

problem is especially severe for landslides, ice storms, and small wind events.
985

 For example, 

reconstructive studies should be done to determine the long-term influence of successive ice 

storms on forests.
986

 Such analysis also allows exploration of interactions between disturbances 

and delayed responses.
987

  

 Interactions between forest disturbances and management: Some management practices have 

been developed to cope with the physical disturbances of droughts, hurricanes, and wind 

events.
988

 However, additional research could expand options for management.
989
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987

 Verbatim from Dale et al. (2008, p. 732) 
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 Verbatim from Dale et al. (2008, p. 732) 
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Discussion: Disturbance Interactions 

Overall, interactions among ecological disturbance and stressors likely cause larger effects on ecosystems 

than any individual disturbance or stressor.
990

 Disturbance interactions may rapidly bring ecosystems to 

thresholds.
991

 A notable threshold response to multiple stressors is the reproductive cycle of mountain 

pine beetle, whose outbreaks have killed mature trees across millions of hectares of pine in western North 

America.
992

 Adaptive seasonality, combined with drought-caused and age-related vulnerability of the host 

species, has brought an abrupt increase in mortality of lodgepole pine across the West.
993

 Chapter IV.4 

provides additional information on this topic. Thus, climate-induced increases in wildfire occurrence and 

insect outbreaks across large landscapes will potentially cause rapid changes in the structure and function 

of forest ecosystems (Table 21).
994

  

In the context of the effects of climate change on ecosystems, sensitivity to disturbance interactions is 

extended to environmental drivers not usually identified as disturbances.
995

 For example, extreme 

temperatures, drought, and air pollution put forest ecosystems under stress, which may increase their 

vulnerability to “true” disturbances such as fire, insect outbreaks, and pathogens.
996

 Key information 

needs include additional empirical data on stress interactions in a wide range of forest ecosystems and a 

transition from qualitative to quantitative analyses and models of how stressors and disturbances interact 

to affect forest ecosystems.
997

 

Table 21. Characteristics of continuous versus abrupt thresholds. 

Cause/Response Predictable Unexpected 

Continuous 

A tipping point is known from previous 

experience or modeling, and trends in the 

controlling factor(s) are measured. Example: 

gradual loss of habitat toward a point at which 

metapopulation models predict extirpation. 

Controlling factor is changing gradually, but 

ecosystem effects or interactions of response 

variables are too complex to predict. Example: 

increases in an invasive nonnative species with 

unknown effects on biotic interactions of 

natives or grazing pressure. 

Abrupt 

Pulses in a controlling factor precipitate an 

inevitable response. Example: large isturbance 

or invasion (perhaps unprecedented) changes 

structure and composition of a landscape with 

a loss of 90 percent of potential nesting trees 

for northern spotted owls. 

Pulses in a controlling factor (or very likely 

multiple controls) are expected to produce 

surprises. Example: changing fire frequency 

and mountain pine beetle outbreaks may have 

sudden consequences for vegetation, animals, 

or landscape pattern. 

Source: Reproduced from Ryan et al. (2012, Table 2.4, p. 37) by authors of this report. 
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