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1.0 INTRODUCTION 
 
The forested portions of Canada are expected to experience greater impacts of climate change 
than many areas of the world (Field et al. 2007). Impacts of particular concern to Canadian forest 
managers include increased frequency and intensity of fires (Flannigan et al. 2005), increased 
outbreaks of forest pests, both insects and disease (Volney and Hirsch 2005), increased 
frequency of drought leading to forest dieback, particularly on the southern fringe of the boreal 
forest (Hogg and Bernier 2005), and changes to growth and amount of harvestable wood volume 
(Johnston and Williamson 2005, Girardin et al. 2008). Some of these (and other) biophysical 
impacts are already being observed, although in many cases we lack the details needed to 
understand site-specific impacts and identify adaptation options (Williamson et al. 2009). 
 
The objective of this report is to provide scientific background information (the Technical 
Report) for the report recently published by the Canadian Council of Forest Ministers (CCFM): 
“Vulnerability Of Canada’s Tree Species To Climate Change And Management Options For 
Adaptation - An Overview for Policy Makers and Practitioners” (Johnston et al. 2009). These 
reports arose from a meeting of the Council of the Federation in January 2008 in which the issue 
of tree species vulnerability to climate change was identified as important to the future of both 
Canada’s forest environment and the forest industry. The CCFM established the Climate Change 
Task Force which has overseen the creation of both the Overview and Technical reports. The 
Technical Report was based on extensive consultation with forest scientists and practitioners 
across Canada and a literature review targeting the current understanding of the vulnerability of 
tree species to climate change in Canada’s forested landscapes. 
 
1.1 Vulnerability 
 
The Intergovernmental Panel on Climate Change (IPCC) has adopted a general approach for 
assessing climate change vulnerability. Details of the IPCC approach are given in Smit and 
Wandel (2006), and Johnston and Williamson (2007) show how the IPCC approach can be 
adapted to forest management. Briefly, a system's vulnerability to climate change is a function of 
the impacts1 of climate change on the system (e.g., a forest ecosystem or the forest sector in 
general) and of the system's adaptive capacity. Adaptive capacity is the ability of a natural or 
human system to adapt to the impacts of climate change. In biological systems, adaptive capacity 
is based on potential for genetic adaptation, physiological adjustment, migration, etc. For human 
systems, adaptive capacity is determined by such factors as access to technology, availability of 
resources, social and human capital and management of information (Moser et al. 2008). 
Vulnerability can be assessed in the context of either current or future climate scenarios. 
Adaptation measures can then be proposed that may reduce vulnerability by reducing potential 
negative impacts and by improving adaptive capacity. In this report we focus on the impacts of 
climate change at the tree species level, and discuss management options that may provide 
opportunities for adapting to these impacts. Phase 2 of this project will address ecosystem-level 
impacts of climate change and the adaptive capacity of the Canadian forest sector.  
 
                                                 
1 Climate change impacts are a function of exposure to climatic conditions (e.g., a particular temperature or 
precipitation regime) and a system's sensitivity or degree of response to the exposure (e.g., a forest's sensitivity to 
drought). 
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Williams et al. (2008)provide a general framework for assessing species vulnerability to climate 
change (Figure 1) based on concepts similar to those used in the IPCC approach. In this report 
we address the components of vulnerability shown in Figure 1, where data are available. Given 
the focus on species-level analysis, the majority of the report addresses species sensitivity 
(yellow boxes in Figure 1) and management adaptive capacity. In Section 2 we focus on the 
impacts of climate change on Canada’s tree species, with a focus on two aspects: maladaptation 
and the potential species responses of migration and adaptation under a changing climate, and 
how changing disturbance regimes may affect tree species. Section 3 discusses forest 
management options that may allow adaptation to climate change at the species level. In Section 
4 we identify research needs related to increasing our understanding of tree species vulnerability 
and what adaptation options may exist. Ecosystem-level impacts, forest sector adaptive capacity 
and adaptation planning approaches will be addressed in Phase 2 of the CCFM climate change 
project. 
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Figure 1. A general framework for assessing the vulnerability of species to global climate change. Reproduced under the 
Creative Commons Attribution License from Williams, S., L. Shoo, J. Isaac, A. Hoffmann and G. Langham. 2008. 
Towards an integrated framework for assessing the vulnerability of species to climate change. Public Library of Science 
Biology 6:2621-2626, doi:10.1371/journal.pbio.0060325. 
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2.0 IMPACTS OF CLIMATE VARIABILITY AND CHANGE 
 
Recent research has demonstrated a significant “fingerprint” of climate change on a wide range 
of species around the world. In a recent review paper, Parmesan (2006) summarizes these 
findings: 
 

“These observed changes are heavily biased in the directions predicted from global 
warming and have been linked to local or regional climate change through 
correlations between climate and biological variation, field and laboratory 
experiments, and physiological research.” (Parmesan (2006), p. 637). 

 
For Canadian species, long-lived tree species with long generation times have shown a few 
unambiguous signs of being affected by climate change directly. Treelines in the Canadian 
Rockies (Luckman and Kavanagh 2000) and in northern Québec (Caccianiga and Payette 2006) 
have migrated upward and northward, respectively. Recent drought events have significantly 
affected tree populations and may be examples of future effects of climate change, e.g. Hogg et 
al. (2008), van Mantgem et al. (2009). As climate change unfolds across Canada’s forested 
landscapes, the expectation is that species will begin to show effects as climate changes, 
particularly at the margins of their current ranges (Aitken et al. 2008, Lemmen et al. 2008, 
Mátyás et al. 2009). 
 
At the tree species level, the impacts of climate change can be grouped into two general 
categories: maladaptation and changing disturbance regimes. We begin this chapter with an 
overview of the changes in climate expected for the forested regions of Canada. Detailed 
descriptions of these projections are available in Barrow et al. (2004) and Lemmen et al. (2008). 
This is followed by a discussion of the impacts of climate change on tree species, divided into 
two sections: maladaptation and disturbance. The first section begins with a discussion of the 
physiological basis for maladaptation, followed by a review of the literature regarding two 
potential species responses to maladaptation, migration and adaptation. This is followed by the 
section on disturbance which focuses on fire, insects and disease, as these are generally species-
specific in their impacts. Ecosystem-level impacts of changes in disturbance regimes and other 
effects of climate change will be addressed in Phase 2 of the CCFM climate change project.  

 
2.1 Climate Trends and Projections 
 
The following section summarizes observed changes in climate across Canada and provides an 
overview of projected climate change during the 21st century, taken from Lemmen et al. (2008). 
For more detailed information, we suggest the reader consult the regional chapters in Lemmen et 
al. (2008), the North America chapter of the IPCC Fourth Assessment Report (Field et al. 2007), 
and Williamson et al. (2009). 
 
2.1.1 Observed Changes in Temperature and Precipitation 
 
Climate data have been collected in southern Canada for more than a century and in other parts 
of Canada since the mid– twentieth century. These data, together with satellite data from the past 
couple of decades, provide a detailed picture of how Canadian climate has changed in the past 50 
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years. Canada has warmed by more than 1.3°C since 1948, a rate that is about twice the global 
average. During this time period, the greatest temperature increases have been observed in the 
Yukon and Northwest Territories. All regions of the country have experienced warming since the 
1960s, including the eastern Arctic, where there has been a reversal from cooling to a warming 
trend, starting in the early 1990s. 
 
Seasonally, temperature increases have been higher and more spatially variable during the winter 
and spring months. In northwestern Canada, winter temperatures increased more than 3°C 
between 1948 and 2003, while winter and spring cooling trends were observed in parts of the 
eastern Arctic. Summer warming has been both more modest and more uniform across the 
country. 
 
Canada has become wetter during the past half century, with mean precipitation across the 
country increasing by about 12 %. The largest percentage increase in annual precipitation has 
occurred in the high Arctic, while parts of southern Canada (particularly the Prairies) have seen 
little change or even a decrease. Portions of southern British Columbia and southeastern Canada 
show significant increases in precipitation in spring and autumn. In contrast, most of southern 
Canada has experienced a significant decline in winter precipitation. 
 
There are also significant changes at the regional scale in the numbers of intense precipitation 
events. On average, the fraction of precipitation falling as intense events (the upper 10%) has 
been decreasing in southern Canada but increasing in northern Canada, particularly in the 
northeast. Also, more of the precipitation is falling as rain rather than snow. 
 
2.1.2 Other Observed Changes 
 
A general increase in thaw depth was observed through the 1990s across the Canadian 
permafrost regions. Shallow permafrost temperatures increased during the last 20-30 years by 0.3 
to 0.5°C per decade in the Canadian high Arctic, and ranged from no change to almost 1°C per 
decade in the western Arctic. 
 
Actual evapotranspiration (AET) has increased in most regions of the country during the last 40 
years, although the trend is weak or inconsistent in some areas due to limited availability of 
water to evaporate. For example, evapotranspiration rates have decreased slightly in the dry 
regions of the Prairies, where available water is already limited throughout much of the year. 
Although many areas of the country are expected to experience an increase in precipitation, this 
may not be sufficient to offset the AET increase due to temperature rise.  
 
2.1.3 Projected Temperature and Precipitation 
 
All of Canada, with the possible exception of the Atlantic offshore area, is projected to warm 
during the next 80 years, although the amount of warming will not be uniform across the 
country. During the present century, temperature increases will be greatest in the high Arctic, 
and greater in the central portions of the country than along the east and west coasts.  
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On a seasonal basis, warming is expected to be greatest during the winter months due in part to 
the feedback effect that reduced snow and ice cover has on land-surface albedo. Winter warming 
by the 2050s is expected to be most pronounced in the Hudson Bay and high Arctic areas, and 
least in southwestern British Columbia and the southern Atlantic region. Rates of warming will 
be lower in the summer and fall, and summer warming is projected to be more uniform across 
the country. The frequency of extreme summer temperatures (exceeding 30°C) is expected to 
increase across Canada, while extreme cold days are projected to decline significantly. 
 
Annual total precipitation is projected to increase across the country during the current century. 
By the 2080s, projected precipitation increases range from 0 to 10% in the far south up to 40 to 
50% in the high Arctic. Due to enhanced evapotranspiration, many regions will experience a 
moisture deficit despite greater amounts of precipitation. Seasonal changes in precipitation will 
generally have greater regional-scale impacts than the annual totals. Throughout most of 
southern Canada, precipitation increases are projected to be low (0–10% by the 2050s) during 
the summer and fall months. In some regions, especially the south-central Prairies and 
southwestern British Columbia, precipitation is even expected to decline in the summer. Other 
important changes in precipitation include an increase in the percentage of precipitation falling 
as rain rather than snow, and an increase in extreme daily precipitation.  
 
2.2 Maladaptation: Interaction between Trees, Site Factors and Climate  
 
At the tree species level, maladaptation is the most important impact of future climate change. 
Tree species and populations will experience one of three fates in a rapidly changing 
environment: migration, adaptation or extinction (Aitken et al. 2008). Each of these is a potential 
response to the underlying problem of maladaptation. O’Neill and Yanchuk (2005) explain the 
problem as follows: 
 

“Populations of forest trees become adapted to their native environments through natural 
selection by synchronizing their seasonal growth patterns with the average timing of local 
growing season conditions (favourable moisture and temperature). Despite having large 
distributional ranges, often encompassing large portions of continents, individual 
populations (i.e. provenances or ‘seed sources’) of most tree species can be adapted to a 
relatively narrow climate range.” (O'Neill and Yanchuk 2005, p. 1) 

 
When climate becomes significantly different from that in which the species evolved, 
maladaptation occurs. Maladaptation includes a direct climate component (e.g. the impacts of 
increasing temperature) and an indirect component (e.g. changes in soil moisture availability 
resulting from changes in precipitation and evapotranspiration). These climatic-related effects 
also render trees more susceptible to additional stressors, e.g. insects (Frey et al. 2004), disease  
(Kliejunas et al. 2009) and fire (Volney and Hirsch 2005). Examples illustrating the potential 
effects of maladaptation under current climate include wide-spread aspen (Populus tremuloides) 
die-back in the prairie provinces in 2001-2003 due to drought and insect defoliation (Hogg et al. 
2008); widespread mortality in piñon pine (Pinus edulis) in the southwest US due to extended 
drought (Adams et al. 2009) and die-back of yellow cedar (Chamaecyparis nootkatensis) in 
southeast Alaska and northwest BC due to shallow snow pack and consequent frost injury to root 
systems (Hennon et al. 2006). Figure 2 shows the conceptual relationship between climate 
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variability or change and additional stressors. Not only are trees rendered more susceptible to 
insects and diseases by a decoupling of the timing of the annual climate cycle from the timing of 
each population’s genetically programmed phenology, but in addition the frequency and severity 
of pest outbreaks may increase and new pests may be introduced, exacerbating the problem of 
maladaptation. 
 
As an example of a quantitative analysis of maladaptation under future climates, St. Clair and 
Howe (2007) studied current populations of coastal Douglas-fir (Pseudotsuga menziesii var. 
menziesii). They expressed maladaptation as the proportion of non-overlap between two normal 
distributions in which the means and genetic variances of current and future populations are 
determined from genecological models. The risk of maladaptation was large for most traits when 
compared with the risk associated with current transfers within seed zones, particularly for the 
more drastic climate change scenario (the CSIRO GCM forced with the SRES A2 emissions 
scenario). For example, the proportion of non-overlap for a composite trait representing bud set, 
emergence, growth, and root to shoot ratio was as high as 0.90. The authors recommend 
supplementing within-population variation by mixing local populations with some proportion of 
populations from lower elevations and further south. They suggest that populations adapted to 
climates in 2100 would come from locations 450–1130 m lower in elevation and 1.8–4.9 degrees 
further south in latitude. 
 



 

 

 
 

Figure 2. Interaction among climate factors and other stressors. I&D refers to insects and disease. Yellow boxes indicate effects directly related to forest management.
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2.2.1 Physiological Basis for Maladaptation (Including Regeneration and Phenology) 
 
Contributed by Dr. Sylvia L'Hirondelle, Research Branch, BC Ministry of Forests and Range, 
Victoria, BC 
 

2.2.1.1 Why We Need to Understand Tree Physiology and Adaptation in the Face of 
 Climate Change 

 
As Kramer (1986) said, the “physiological processes of trees are the machinery through which 
genetic potential and environment operate to determine the quantity and quality of growth.” 
Trees are well-adapted to their environment when they are physiologically suited for high 
growth, reproduction, and survival to maturity, and have resistance to biotic and abiotic stresses 
(Zobel and Talbert 1984). Identifying physiological characteristics that improve adaptive fitness 
gives more useful information than measuring just survival or growth, leading to improved 
planting guidelines for populations. Finding rare or important traits is also needed for gene 
conservation. Given the high degree of genetic diversity within tree species, there is a wide range 
in physiological traits that may allow tree species to adapt relatively quickly to climate change 
(Hamrick 2004, Aitken et al. 2008). To predict tree responses to environmental changes, we need 
to understand their adaptive limitations to each factor, as well as interactions and feedbacks 
(Kirschbaum 2000). And to understand and predict ecosystem functioning, we need to 
understand physiological processes such as gas exchange, carbon allocation, seasonal growth 
patterns, development, and aging (Buchmann 2002). With this knowledge we can make sound 
decisions to ensure the continued growth of forests in their most favourable locations.  
 

2.2.1.2 Paleohistory and History 
 
About 45 million years ago, forests of large deciduous and evergreen trees flourished as far north 
as Axel Heiberg Island (80°N), when temperatures were considerably warmer than now and 
precipitation levels were high enough to support genera such as Metasequoia, Larix, Picea, 
Chamaecyparis, and Tsuga (Greenwood and Basinger 1994, Kotyk et al. 2003, LePage 2003). 
These fossil forests show that precursors of modern tree species were physiologically adapted to 
growth at high latitudes with large annual variations in photoperiod and temperature. Evidence 
from stomata on fossil leaves suggests that ancient trees also developed under conditions of high 
CO2 levels, ranging from 1000 to over 2000 ppm during the Mesozoic era (65 to 250 Mya) and 
only dropping below 1000 ppm during ice ages in the Neogene (up to 8 Mya) (Retallack 2001). 
Recent simulations with “living fossil” conifers have shown that these species can maintain 
productivity in conditions where light levels vary from continuous illumination for 6 wk in 
summer to continuous darkness for 6 wk in winter (Osborne and Beerling 2003, Llorens et al. 
2009a,b). 
 
From more recent paleohistory, evidence shows that the ranges of tree species have fluctuated 
several times since the last ice age (Hamrick 2004). The effects of environmental changes on 
trees can be estimated from pollen analysis, dendrochronology, biomass measurements, and 
stomatal patterns. Pollen records from southern British Columbia during the early Holocene 
(about 12,000 years BP) indicate that Abies lasiocarpa grew at low elevations where it is not 
present today, and was among the first species to colonize the deglaciated landscapes (Heinrichs 
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et al. 2002). In Québec, today’s scattered stands of Abies balsamea are remnants of much larger 
populations from a warmer period about 7000 years BP, and are no longer in equilibrium with 
the climate (Ali et al. 2008). Patterns from tree rings show trends of increasing water use 
efficiency over the past 200 years, corresponding to increased atmospheric CO2 concentrations 
(Feng 1999), but direct evidence for wide-scale CO2 fertilization is somewhat limited (Jacoby 
and D’Arrigo 1997, Voelker et al. 2006). Studies based on field and satellite measurements of 
forest productivity have shown mostly positive growth trends in the past 55 years in areas where 
water was not limiting (Boisvenue and Running 2006). Stomata, which respond to climate 
change on many time scales, have been used to detect adaptation to changing CO2 levels 
(Hetherington and Woodward 2003). Over the past millennium, the record of stomatal frequency 
from buried Tsuga heterophylla needles indicates fluctuations in atmospheric CO2 on a 
centennial-scale, with minima about 260 ppm and maxima about 320 ppm CO2 (Kouwenberg et 
al. 2005). Comparisons across 60 species in the UK found significant decreases in stomatal 
density over the past 70 years, consistent with other evidence on the effect of CO2 on leaf 
morphology (Beerling and Kelly 1997). These and many other studies show that forest species 
have adapted to climate change over a wide range of time scales in the past, and continue to 
adapt under the current changing conditions. What are the physiological traits that make this 
possible? 
 

2.2.1.3 Responses of Trees to Temperature, CO2, Nutrients, Water, Light, and Ozone 
 
Physiological changes in response to environmental factors take place in individual trees 
diurnally, seasonally, or over a period of years (acclimation), and in populations over generations 
(adaptation). These changes include variations in growth rhythm (the timing of bud burst, 
elongation, free growth, bud set, leaf senescence, heat and cold acclimation), evergreen leaf 
retention, gas exchange and biochemical pathways (stomatal conductance, photosynthesis, 
respiration), water relations (osmotic potential, turgor), nutrient uptake capacity, production of 
defensive compounds, and synthesis pathways leading to altered morphology and anatomy. The 
complex interactions among the effects of CO2, temperature, light, water, and nutrients make it 
difficult to predict long-term responses of trees when environmental conditions are changing 
relatively rapidly, but some general observations have emerged from decades of study. 
 
Hundreds of experiments have tested the effects of elevated CO2 and temperature on growth of 
seedlings and mature trees, often in combination with different levels of soil moisture and 
nutrients; these have been reported individually and in syntheses (Curtis and Wang 1998, Saxe et 
al. 1998, Kirschbaum 2000, Bruhn et al. 2001, Ainsworth and Long 2005, Boisvenue and 
Running 2006, Seppälä et al. 2009). Increased CO2 alone or with higher temperatures usually 
leads to increases in photosynthesis, dark respiration, leaf area, and biomass in woody plants 
(Curtis and Wang 1998, Saxe et al. 1998, Lewis et al. 2001, Davey et al. 2004). The magnitude 
of the response varies among species and types of trees, with evergreen conifers often showing a 
greater increase in biomass than deciduous species (Saxe et al. 1998). Photosynthesis in trees 
typically increases 25 to 75% when CO2 doubles, and continues to increase up to an optimal 
level beyond which effects can be negative (Higginbotham et al. 1985, Farrar et al. 1995, 
Kirschbaum 2000, Ellsworth et al. 2004). However, after a period of weeks to years when other 
factors such as nutrients become limiting, photosynthesis often down-regulates at high CO2 
especially in slow-growing evergreens (Curtis and Wang 1998, Ward and Strain 1999, 
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Kirschbaum 2000, Utriainen 2003, Logan et al. 2009) but also in deciduous conifers (Osborne 
and Beerling 2003). Unless more nutrients are supplied, foliar nutrient levels decline with 
photosynthesis and the CO2 stimulation of biomass falls, leading to a negative feedback of high 
CO2 on forest productivity (Curtis and Wang 1998, Kirschbaum 2000, Ellsworth et al. 2004). In 
some cases, biomass of mature trees (Körner et al. 2005, Asshoff et al. 2006) and seedlings does 
not increase in response to high CO2 levels, with the extra assimilated carbon going to soil 
organisms (Olszyk et al. 2003). Thus, growth stimulation of trees by CO2 will sometimes be less 
than expected. For example, Körner et al. (2005) did not find a consistent growth response 
among several species of large mature deciduous trees at a FACE site in Switzerland. They 
conclude: 
 

“The Swiss forest FACE study thus points at the crucial role of tree species identity and 
so far does not support expectations of greater carbon binding in tree biomass in such 
deciduous trees. … In summary, we find no evidence that current CO2 concentrations 
are limiting tree growth in this tallest forest studied so far.” (Körner et al. 2005,  
p. 1632). 

 
Increasing temperatures have positive or negative effects on tree growth, depending on other 
environmental factors (Saxe et al. 2001). Historically, changes in global temperature and CO2 
have been coupled, which benefits plants such as conifers (Cowling 1999). When CO2 increases 
but temperature remains low (e.g., 5°C), photosynthetic rates are closer to CO2 saturation, so 
there is a much smaller response to high CO2 levels than at warmer temperatures (Kirschbaum 
2000). And when temperature increases without higher CO2, photorespiration goes up and 
photosynthesis goes down. In contrast, when both CO2 and temperature increase, so does 
photosynthesis, and its temperature optimum becomes higher in some species (Tjoelker et al. 
1998a, Kirschbaum 2000). This can lead to increased heat tolerance. Although respiration also 
increases with increasing temperature, the ratio between photosynthesis and respiration tends to 
remain constant, suggesting that higher temperatures alone will not lead to greater carbon losses 
(Kirschbaum 2000, Saxe et al. 2001). However, when both temperature and CO2 increase, forest 
respiration may increase (Davey et al. 2004, Boisvenue and Running 2006). In general, a 2°C 
increase in temperature is likely to benefit trees through increased photosynthesis, albeit with 
considerable variation in response among species (Saxe et al. 2001).  
 
Overall, tree growth is stimulated more often by increased temperature than by increased CO2 
(Sallas et al. 2003, Utriainen 2003, Beedlow and Tingey 2007), especially under conditions of 
nutrient limitation, although this is not always the case (Overdieck and Fenselau 2009). Given 
that nitrogen is often the most limiting factor for tree growth in northern forests, at least in 
unpolluted areas (Utriainen 2003), the CO2 fertilization effect will be limited. Without additional 
nitrogen and other nutrients, trees cannot make use of the additional CO2 (Saxe et al. 1998, 
Beedlow and Tingey 2007). However, if increasing temperatures stimulate increased 
decomposition of soil organic matter, nutrient availability may increase (Kirschbaum 2000, Saxe 
et al. 2001, Boisvenue and Running 2006).  
 
Light level is another limiting factor that affects species response to increased temperature and 
CO2. Growth of some conifer seedlings is more stimulated by warming or CO2 in low-light 
conditions, and for shade tolerant species more than others (Kerstiens 1998, Curtis and Wang 
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1998, Yin et al. 2008, Marfo and Dang 2009). On the other hand, growth of some broadleaved 
species is stimulated more by CO2 in full sun than in shade conditions (Kubiske and Pregitzer 
1996, Herrick and Thomas 1999). There is not enough information available about CO2 
responses of shaded foliage in mature canopies relative to responses of sun leaves (Saxe et al. 
1998). These interacting responses to light, CO2, and temperature will alter species 
competitiveness during regeneration.  
 
Increases in water use efficiency (ratio of carbon fixed to water used) at elevated CO2 are 
reported, often due to increased photosynthesis in conjunction with decreased stomatal 
conductance (Ward and Strain 1999, Medlyn et al. 2001, Lewis et al. 2002, Wang et al. 2003, 
Ainsworth and Long 2005). Some authors report that stomatal conductance is not affected by 
elevated CO2 (Lippert et al. 1996, Curtis and Wang 1998, Saxe et al. 1998, Llorens et al. 2009b). 
These contrasting results may reflect differences between angiosperms and gymnosperms in 
stomatal response to elevated CO2, with angiosperms readily reducing stomatal conductance as 
CO2 concentration increases above ambient (Brodribb et al. 2009). Different effects on 
conductance may also be a function of study duration. Exposure to elevated CO2 for more than 
one growing season usually leads to decreased stomatal conductance (Medlyn et al. 2001).  
 
High CO2 may increase or decrease water stress, depending on accompanying temperature 
increases, changes in biomass, and nutrient supply (Johnsen 1993, Lippert et al. 1996, Saxe et al. 
1998, Catovsky and Bazzazz 1999, Soulé and Knapp 2006). High temperature alone can reduce 
water use efficiency of foliage by more than 30% (Wang et al. 2003). Warmer air in combination 
with warmer soils will stimulate root growth in some species to partially compensate for 
increased evapotranspiration, but there will be differences among species in responses (Saxe et 
al. 2001). Warmer temperatures can accelerate drought stress, which, if severe enough, could 
lead to regional-scale die-offs for some species (Adams et al. 2009). In areas with warm 
temperatures and limited water availability, forest productivity may decrease even at elevated 
CO2 owing to increases in transpiration rates as vapour pressure deficit increases (Kirschbaum 
2000).  
 
Climate change projections for Canada suggest that moisture availability will decline in much of 
central and western Canada (Hogg and Bernier 2005, Lemmen et al. 2008). The southern interior 
of BC and the southern edge of the boreal forest in the prairies and north-western Ontario are 
particularly at risk, and some sites will likely lose forest cover in the next few decades 
(Lempriere et al. 2008). Areas particularly vulnerable to forest cover loss are the Island Forests 
of the prairie provinces. These are isolated patches of forest occurring on aeolian sand deposits, 
often surrounded by agricultural land (Henderson et al. 2002). Forests in these areas are often 
dominated by jack pine (Pinus banksiana) and occur on soils with low water-holding capacity. 
They are currently vulnerable to fire and dwarf mistletoe (Arceuthobium americanum) (Johnston 
et al. 2008). Under a warmer and drier future climate, an additional source of vulnerability will 
include attack by mountain pine beetle as it spreads east from Alberta, as well as increased 
likelihood of fire and drought (Hogg and Bernier 2005). 
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Recent research has resulted in a new understanding of the mechanisms of drought stress on 
trees. McDowell et al. (2008) identify three hypotheses accounting for these effects:  
 

• Biotic agent demographic hypothesis: drought causes changes in the demographics of 
pests and diseases that in turn cause tree mortality. This may occur due to increased 
number of pest generations per year due to longer growing seasons, or increased 
overwintering due to shorter, warmer winters. 

• Hydraulic failure hypothesis: lack of sufficient soil moisture, together with high 
evaporative demand, causes water-conducting tissues to become air-filled (cavitation), 
preventing the flow of water. This causes tissue desiccation and eventually cell death. 

• Carbon starvation hypothesis: stomatal closure to prevent hydraulic failure causes 
photosynthetic uptake of carbon to diminish; the trees suffer carbon starvation resulting 
from continued metabolic demand for carbohydrates. 
 

They suggest that these mechanisms may work independently or in concert; for example carbon 
starvation may amplify biotic disturbance due to reduced levels of carbon-based defensive 
compounds. In a similar illustration of the interaction among these hypotheses, Mattson and 
Hack (1987) showed that drought increased susceptibility of trees to defoliating insects by 
increasing the concentration of carbohydrates in foliage.  
 
Adams et al. (2009) exposed piñon pine to artificially increased temperatures (≈4 °C) by 
transplanting mature trees into the Biosphere 2 facility in Arizona. The higher temperatures 
reduced the time to drought-induced mortality by nearly a third, with temperature-dependent 
differences in cumulative respiration costs implicating carbon starvation as the primary 
mechanism of mortality. They extrapolated these results to the historic frequency of water 
deficits in the southwestern United States and predicted a 5-fold increase in the frequency of 
regional-scale tree die-off events for this species due to temperature alone. Projected increases in 
drought frequency due to changes in precipitation and increases in stress from biotic agents (e.g., 
bark beetles) would further exacerbate mortality under future climate change. They conclude that 
given projected increases in temperature, these results portend widespread increases in the extent 
and frequency of vegetation die-off in the southwest US. Portions of Canada expected to be 
subject to frequent droughts in the future (the southern interior of BC, the forest fringe region in 
the Prairie Provinces) would also likely see increases in forest die-off due to similar mechanisms. 
 
Several recent studies have documented wide-spread growth declines or increased tree mortality 
due to changes in temperature and moisture availability. Barber et al. (2000) reported wide-
spread growth declines in white spruce (Picea glauca) in interior Alaska which were ascribed to 
the effects of drought. Their data show that temperature-induced drought stress has 
disproportionately affected the most rapidly growing white spruce, suggesting that, under recent 
climate warming, drought may have been an important factor limiting carbon uptake in a large 
portion of the North American boreal forest. Van Mantgem et al. (2009) analyzed old-growth 
forest data from long-term permanent sample plots across a range of sites from southern British 
Columbia to Arizona. They found that background (i.e. non-catastrophic) mortality rates have 
increased rapidly in recent decades, with doubling periods ranging from 17 to 29 years. Because 
mortality increased in small trees, the overall increase in mortality rates could not be attributed 
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solely to aging of large trees. They concluded that regional warming and consequent increases in 
water deficits are likely contributors to the increases in tree mortality rates. 
 
Hogg et al. (2008) identified insects and drought as the main factors causing wide-spread die-
back of aspen in the prairie provinces during a regional drought in 2001-2003. Hogg (personal 
communication May 2009) suggests that this is an example of the carbohydrate starvation 
hypothesis as proposed by McDowell et al. (2008). Data from an extensive network of aspen 
health monitoring plots (the CIPHA Network, http://cfs.nrcan.gc.ca/projects/150/4) showed that 
aspen mortality increased during the drought and remained high six years later on drought-
affected sites; this seemed more consistent with the carbohydrate starvation hypothesis. If the 
cause was hydraulic failure alone, there most likely would have been an increase in mortality 
during the drought, followed by a decrease after the return to moist conditions (2004 on most 
sites). However, hydraulic failure probably played an important secondary role. 
 
Tropospheric ozone (O3) is an important greenhouse gas and a ground level pollutant that has 
been increasing in the northern hemisphere (Utriainen 2003). Increased ozone levels usually lead 
to decreased photosynthesis, growth, and biomass of trees, with sensitivity varying among 
species and populations and affected by nutrient status (Utriainen 2003, Kubiske et al. 2006). 
Elevated CO2 generally does not offer much protection against O3 damage to trees, and may 
increase the negative effects (Constable et al. 1996, Wustman et al. 2001, Utriainen 2003, 
Karnosky et al. 2005). There may also be interactions between ozone exposure and seasonal 
variations in temperature that affect growth response to the combination of O3 and CO2 (Kubiske 
et al. 2006). In areas where chronic ozone exposure is a concern, some species will suffer 
increasing damage with climate change. 
 

2.2.1.4 Phenological and Developmental Processes 
 
An understanding of how the physiological processes of trees change with climate over seasons 
(phenology) and lifetimes (maturation, aging) is necessary to model and predict stand and 
ecosystem level changes. Foliage development and senescence have large effects on seasonal 
patterns of ecosystem gas exchange and water use (Buchmann 2002). Patterns of seasonal 
acclimation to light, water, and temperature, as well as internally regulated processes, determine 
which individuals and populations are best adapted (Saxe et al. 2001); these are more likely to 
survive extreme events and be most productive during the growing season (Rossi et al. 2006). 
Seasonal development, maturation, and aging are affected by climate change, through an altered 
relationship between temperature and photoperiod, and elevated CO2 levels (Ward and Strain 
1999).  
 
As global temperatures increase, growing season length is increasing in the northern hemisphere 
(Schwartz et al. 2006). Most northern tree species flush in the spring in response to air 
temperature, so spring flush dates are days to weeks earlier with warmer springs (Slaney 2006, 
Vitasse et al. 2009). However, for species that are cued to daylength for seasonal development, 
there is little or no increase in carbon gain during warmer spring or fall periods (Oleksyn et al. 
1998, Saxe et al. 2001, Busch et al. 2007). Elevated CO2 can delay bud burst and advance bud 
set in some conifers, while elevated temperature has the opposite effect (Murray et al. 1994). 
Increased temperatures during the growing season can accelerate the rate of shoot development 
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but reduce the length of the growth phase in some species (Post et al. 2008), leading to smaller 
organs and reduced biomass (Olszyk et al. 1998, Utriainen 2003), while in other species there is 
no effect of elevated temperature or CO2 on the duration of shoot growth (Slaney 2006). 
Elevated temperatures can lead to abnormalities and aborted vegetative buds in conifers (Apple 
et al. 1998), especially in combination with a higher risk of spring frost damage (Saxe et al. 
2001). The work done to date shows that tree species have a wide range of variation in response 
to spring and growing season temperatures. 
 
There is also variation in response to climate change at the end of the growing season. Some 
deciduous tree species respond to warmer autumns by delaying leaf senescence, while others do 
not (Vitasse et al. 2009). Elevated CO2 also affects autumn senescence independently of 
temperature, causing prolonged photosynthesis and delayed leaf fall in Populus (Taylor et al. 
2008). Some ancient genera of conifers capitalize on elevated CO2 during spring and autumn 
when days are short, helping to explain their high productivity in polar forests millions of years 
ago (Osborne and Beerling 2003). In other species, the duration of the growing season does not 
increase under elevated CO2 (Saxe et al. 1998). This variety of phenological responses to 
temperature and CO2 will affect canopy processes, productivity, and the competitive balance in 
forest stands, and may also affect susceptibility to spring and fall frosts (Taylor et al. 2008, 
Vitasse et al. 2009). 
 
Winter temperatures have been increasing more than summer temperatures in the northern 
hemisphere (Schwartz et al. 2006), which can affect the phenology of cold-climate conifers, e.g. 
Engelmann spruce (Picea engelmannii) (Rehfeldt 2005). Acclimation to winter temperatures 
occurs in response to a combination of increasing night length and declining temperatures, which 
varies in synchronization among and within species (Saxe et al. 2001). In some boreal conifers 
such as balsam fir (Abies balsamea), this acclimation follows a rigid timing that makes them 
susceptible to excess respiratory losses in autumn and winter with increased climate warming 
(Saxe et al. 2001, Strimbeck et al. 2008). In other species, warming can shift the phases of 
acclimation. For example, in Douglas-fir (Pseudotsuga menziesii) seedlings, elevated 
temperatures affected all phases of frost hardiness, delaying hardening in the fall, reducing 
maximum hardiness, and delaying de-hardening in the spring (Guak et al. 1998). Elevated CO2 
can also shift patterns of acclimation; in black spruce (Picea mariana) seedlings, high CO2 
reduced frost hardiness in the fall and negatively affected bud development (Margolis and 
Vezina 1990). Such shifts in timing can increase the risk of frost damage in both fall and spring. 
 
The ability of tree species to meet chilling requirements will be affected by variations in seasonal 
warming across boreal and temperate zones, sometimes in opposite directions (Schwartz et al. 
2006), although there is considerable uncertainty about the relationship between chilling and bud 
status (Saxe et al. 2001). Some species will meet their chilling requirements earlier, making them 
susceptible to early de-hardening and frost damage if mild spells in midwinter or spring are 
followed by colder periods (Hanninen 2006). Although there has been enough work done to 
model past records of bud phenology and chilling, understanding of the physiological processes 
is too limited to realistically model future effects under climate warming (Saxe et al. 2001). 
 
As stated above, climate change can accelerate phenological development in trees; it can also 
accelerate development from juvenile to mature growth and have different effects during 
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different growth phases. Results of the many studies done with tree seedlings are not directly 
applicable to predictions for mature trees because of age- and size-dependent changes in 
physiology (Saxe et al. 1998, Thomas and Winner 2002). As seedlings grow into mature trees, 
the accelerated growth response from added CO2 usually declines, especially in fast-growing 
deciduous species (Boisvenue and Running 2006). A similar effect, consistent with increasing 
CO2 levels, has been reported from dendrochronology studies of natural stands of Quercus and 
Pinus, in which an exponential decline in growth stimulation was found with increasing cambial 
age through to age 50 (Voelker et al. 2006).  
 
Although mature trees are less growth-stimulated by elevated CO2 than seedlings, even a small 
response can reverse aging-related growth decline in some cases. Renewed growth and 
physiological activity can occur in trees more than 500 years old, coinciding with increases in 
global CO2 and temperature (Phillips et al. 2008). Age-climate interactions are related to tree 
size, canopy light levels, competition, nutrient availability, and many interacting processes, so it 
is difficult to predict responses to climate change based on age alone (Kirschbaum 2005). 
Caution and verification are needed when scaling up in size and age (Thomas and Winner 2002), 
especially when predicting the effects of climate change on stands of trees. 
 

2.2.1.5 Reproductive Physiology 
 
Given that reforestation for many commercial tree species in Canada depends on propagation 
from seed orchard or wild seed, it is important to know the effects of climate change on 
reproduction. For herbaceous species, most studies show that elevated CO2 increases 
reproductive output, including flower number, fruit number, and seed production (Ward & Strain 
1999). In Pinus taeda, trees growing under elevated CO2 for 8 years matured earlier and 
produced more seeds and cones than trees growing under ambient CO2 (Ladeau and Clark 2006). 
Elevated temperature also affects cone production and embryo maturation, with cold 
temperatures limiting the northward spread of Picea glauca, P. mariana, and Abies balsamea 
(Messaoud et al. 2007, Meunier et al. 2007). However, warmer temperatures in seed orchards 
can negatively affect cone development through increased megagametophyte abnormalities or 
abortion (Owens et al. 2001). Patterns of temperature and precipitation alter the frequency of 
cone crops in conifers and affect the relationship between cone production and cone predation 
(Poncet et al. 2009). In addition, elevated temperatures can alter flowering phenology so that 
some species or populations flower earlier in the season, while others flower later – this has been 
reported in grasses and forbs (Sherry et al. 2007) and aspen (Beaubien and Hall-Beyer 2003). 
The predicted patterns of climate change for northern tree species will likely have beneficial 
effects on reproduction in some parts of the species’ ranges, at least initially, but as temperatures 
increase the beneficial effects of warming and CO2 may diminish. 
 

2.2.1.6 Population Differences 
 
Although there are several studies reporting population differences in growth with respect to 
ambient temperatures, relatively few have compared populations or families for genetic 
differences in their response to elevated CO2 with or without elevated temperatures. Genetic 
variation in physiological responses to environmental stresses is well known in tree species, so 
more climate change research is needed that includes multiple genotypes (Saxe et al. 1998). 
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Populations with a narrow range of tolerance to temperature and precipitation will be most 
affected by climate change, and may be lost as it continues (Kirschbaum 2000), while those with 
the greatest phenotypic plasticity (ability to change behaviour in response to environment) and 
flexible gene regulation system may be the least affected initially (Saxe et al. 2001). There is also 
genetic variation in the rate at which populations and species can adapt to changing 
environmental conditions, leading to different impacts of climate change on populations 
throughout the range of a species (Davis et al. 2005, Aitken et al. 2008). Because a large part of 
the within-species genetic variation in trees is found within rather than among populations, loss 
of a number of populations probably will not greatly reduce genetic diversity as the climate 
changes (Hamrick 2004). 
 
As with climate change studies comparing different species, those comparing different genotypes 
within species have found a range of physiological responses. Some studies have found that 
populations did not vary much in their relative ranking among CO2 and temperature treatments, 
suggesting that sources selected for fast growth under current conditions will continue to perform 
well  (Wang et al. 1994, Johnsen and Seiler 1996, Johnsen and Major 1998). But other studies 
have found genotype by environment (CO2 and temperature) interactions, indicating that relative 
performance of genotypes will change in the future (Centritto and Jarvis 1999, Bigras 2000, 
Bigras 2005, Wang et al. 2000). Differences in the timing and degree of photosynthetic 
stimulation by CO2 and temperature will favour certain genotypes within species, and will also 
affect their competitiveness for limited resources within plant communities (Wang 2007). 
Because most genotype studies have used seedlings, it is difficult to predict the persistence of the 
reported effects through to maturity. 
 

2.2.1.7 Epigenetics, After-effects, Nursery and Cultural Effects 
 
Epigenetics refers to changes in gene expression in an organism without accompanying changes 
in the DNA sequence; a variety of molecular processes can activate or disable certain genes 
depending on the environment (Bossdorf et al. 2008). Epigenetic changes induced by the 
environment can be passed on to future generations, particularly when fluctuating conditions last 
for more than one generation, and can be reversed (Bossdorf et al. 2008, Jablonka and Raz 
2009). Transgenerational effects can provide rapid response to abiotic and biotic stresses, leading 
to offspring that are physiologically more resistant to changes in climate or increases in pests and 
pathogens (Bonello et al. 2006, Kvaalen 2008, Lau et al. 2008). Although epigenetic inheritance 
sounds like the inheritance of acquired characteristics, it is not; the genes for the traits that are 
switched on or off were already part of the DNA sequence of the organism.  
 
Conifers, like other gymnosperms, have among the most complex and largest genomes of any 
living organisms (Morse et al. 2009). These long-lived trees show evidence of epigenetic effects 
that can increase the adaptation of their offspring to changed environmental conditions in one 
generation. Studies of such effects in conifers were initially done with selected parents moved 
south from their source environment to new locations in seed orchards, and are often referred to 
as seed orchard after-effects or memory effects (Greenwood and Hutchinson 1996, Johnsen et al. 
2005, Rohde and Junttila 2008). In Picea abies, Pinus sylvestris, Larix laricina, and Picea 
glauca, the temperature during female sexual reproduction affects phenological and 
physiological processes such as spring de-hardening, spring bud flush, cessation of leader growth 
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in summer, bud set and frost hardiness (Johnsen 1989, Dormling and Johnsen 1992, Greenwood 
and Hutchinson 1996, Stoehr et al. 1998, Webber et al. 2005, Besnard et al. 2008). When the 
temperature is warmer than normal, some of the above processes are delayed in timing and can 
be decreased in magnitude; the change in performance can last for many years (Kvaalen and 
Johnsen 2008). This memory effect can be triggered by both temperature and photoperiod, 
providing a fast response to changes in parental environment (Johnsen et al. 2005, Kvaalen and 
Johnsen 2008), and has also been reported for clonal offspring produced by somatic 
embryogenesis (Kvaalen and Johnsen 2008). In wind-pollinated conifers from environments with 
a high degree of variation in space and time (for example, mountainous terrain), the ability to 
adjust the physiology of the offspring to the mother’s environment will increase survival and 
growth, and will be advantageous in responding to climate change (Saxe et al. 2001, Kvaalen and 
Johnsen 2008). Although after-effects seem to be fairly prevalent in the northern conifers tested 
to date, reports are lacking of similar effects in angiosperm tree species (Rohde and Junttila 
2008).  
 
Epigenetic inheritance may also contribute to the ability of tree species to form so-called land 
races when they are transplanted to areas well outside their current ranges. Land races are 
populations that adapt physiologically to their new conditions, showing altered characteristics 
that may differ from populations growing in their native range (Rehfeldt and Gallo 2001, Kremer 
2007). Several North American conifers (e.g., Pinus contorta, Picea sitchensis, Pseudotsuga 
menziesii, Abies grandis, Tsuga heterophylla) have been planted in Great Britain; Picea 
sitchensis is now the most common British tree, and second-generation collections of British 
Abies grandis outperform newly introduced trees from the same original sources (Peterken 
2001). Latitudinal transfers of populations within species can also produce adaptation within one 
or two generations, suggesting that some tree species may be able to adapt to warming 
temperatures with relatively low risk (Saxe et al. 2001, Kremer 2007, Rohde and Junttilla 2008). 
Such adaptive changes that occur in one or two generations could result from rapid directional 
selection or changes in the genetic structure (including epigenetics) of introduced trees (Kremer 
2007).  
 
While there is growing evidence for these transgenerational effects on adaptive traits in response 
to changing temperatures and photoperiod, there is little information on whether epigenetic 
effects play a role in physiological response of trees to elevated CO2 levels. There is a report that 
grass and forb seedlings from parents grown at high CO2 for 5 years were stimulated by high 
CO2 half as much as seedlings from parents grown at ambient CO2 for 5 years (Lau et al. 2008). 
This suggests that after-effects may alter physiological pathways and change the impacts of 
elevated CO2 across generations. More work in this area is needed to understand the potential 
consequences for tree species.  
 
In addition to epigenetic effects that can take place during embryo development, there are 
cultural effects from nursery treatments that can lead to large differences in adaptive traits of 
seedlings. These nursery effects can persist for several years and affect survival of seedlings after 
planting (Ying et al. 1989, Hawkins and Shewan 2000, Way et al. 2007). Increasing exposure to 
one type of stress can build resistance to other stresses. For example, three species of Cedrus 
seedlings preconditioned to drought were also more heat tolerant (Ladjal et al. 2000). 
Preconditioning may also be effective when applied to tree seed; Pinus banksiana seedlings from 
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seed treated with anti-stress agents showed reduced damage from freezing relative to controls 
(Borsos-Matovina and Blake 2001). The use of nursery preconditioning to increase seedling 
resistance to temperature and water stress may lead to higher survival and growth of seedlings 
planted outside their normal range. 
 

2.2.1.8 Summary of CO2 and Temperature Effects  
 
Table 1 is a summary of the most common effects of increased CO2 or temperature on 
physiological responses of tree species, based on the information summarized above. The 
direction and magnitude of responses will depend on other environmental factors and biotic 
interactions.  
 
Table 1. Summary of the most common effects of increased CO2 or temperature on 
physiological responses of tree species. Positive effects are shown by +, negative effects by 
─, and neutral effects by 0. Positive effects are highlighted in green, negative effects in 
orange. 

 
Process Increased CO2 Increased temperature 
Photosynthesis + + or ─ 
Respiration + or ─ ─ 
Shoot growth + or 0 + or ─ 
Root growth + + or ─ 
Nutrient levels ─ + 
Water use +  ─ 
Shade vs sun growth + or ─ + or ─ 
Pollutant effects ─ or 0 + or ─ 
Bud-burst Earlier Earlier 
Seasonal shoot development ─ or 0 + or ─ 
Bud-set Earlier Later 
Senescence + or 0 + or 0 
Frost hardiness ─ ─ 
Chilling ─ ─ 
Aging + ? 
Reproduction + + or ─ 

 

2.2.1.9 Summary of Climate Change Effects on Species with Current Range in Canada 
 
Table 2 summarizes physiological responses to climate change for tree species with their current 
ranges in Canada. Location indicates where the testing was carried out, not necessarily the same 
as the seed source location in the case of nursery or growth chamber studies. PS = 
photosynthesis, arrows designate increases or decreases. About 70% of the studies reported some 
beneficial effects of increased climate change, while 50% reported some negative effects (several 
studies reported both). 
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Table 2. Summary of physiological responses to climate change for Canadian tree species. 
“Factor” includes temperature (T), CO2 (C) and moisture (M). Colours group genera 
together. 

 

Species Factor Location Response Reference 
Abies balsamea M Québec, 

greenhouse 
Good resistance of cambial meristems during and after water 
stress, recovery of cell size and shoot growth after drought 

Rossi et al. 2009 

Abies lasiocarpa T M Olympic Mts., 
mature trees 

Growth increase at high elevation and wet sites, decrease at low 
elevation dry sites 

Ettl & Peterson 
1995 

Chamaecyparis 
nootkatensis 
 

T Alaska, mature 
trees 

Declining forests due to reduced snowfall, severe freeze-thaw 
events, decline may expand 

Beier et al. 2008 

Pseudotsuga 
menziesii 

T Oregon, pots Longest and coldest chilling treatment of seedlings produced 
greatest spring growth; chilling may be decreased due to global 
warming, delayed bud burst and more water stress 

McCreary et al. 
1990 

Pseudotsuga 
menziesii 

T C Oregon, outdoor 
chambers 

↑temp delayed cold hardening and dehardening of seedlings, 
reduced % bud burst and growth, ↑CO2 decreased cold hardening 

Guak et al. 1998 

Pseudotsuga 
menziesii 

T C Oregon, outdoor 
chambers 

↑ temp led to higher shoot growth rates but reduced shoot length, 
delayed or ↓lammas growth, ↑ CO2  had no effect on phenology or 
growth 

Olsyzk et al. 
1998 

Pseudotsuga 
menziesii 

T C Oregon, outdoor 
chambers 

↑ temp led to vegetative bud malformation, ↑CO2  had no effect on 
bud morphology 

Apple et al. 1998 

Pseudotsuga 
menziesii 

T C Oregon, outdoor 
chambers 

↑temp ↑photosynthesis (PS) & respiration, ↑CO2 increased quantum 
yield but not photosynthesis or respiration, down-regulation of PS 
by CO2 

Lewis et al. 1999 

Pseudotsuga 
menziesii 

T C Oregon, outdoor 
chambers 

↑temp ↑transpiration 37%, ↑CO2 decreased transpiration 12%, in 
both high temp and CO2 transpiration increased 19%, no effect on 
stomata, WUE may decrease 

Lewis et al. 2002 

Pseudotsuga 
menziesii 

M Idaho, growth 
chambers 

Seedlings grown with ambient UV-B had 50% higher PS and 40% 
higher water potential after 15 days drought than seedlings grown 
without UV-B 

Poulson et al. 
2002 

Pseudotsuga 
menziesii 

T C Oregon, outdoor 
chambers 

↑CO2 did not affect biomass but increased specific leaf mass, ↑temp 
reduced allocation to leaves,  both affected leaf chemistry 

Olszyk et al. 
2003 

Larix laricina T C Minnesota, 
growth 
chambers 

↑temp had no consistent effect on seedling photosynthesis, ↑CO2 
increased PS by 20-30%, there was down-regulation and 
decreased leaf area 

Tjoelker et al. 
1998a 

Larix laricina T C Minnesota, 
growth 
chambers 

↑temp led to ↑response to CO2, ↑CO2 increased relative growth 
rate, no ↑allocation to roots, slower effects on conifers than 
broadleaves 

Tjoelker et al. 
1998b 

Larix laricina T C Minnesota, 
growth 
chambers 

↑temp led to increased seedling respiration but also acclimation, 
↑CO2 had minimal effects 

Tjoelker et al. 
1999 

Pinus banksiana C Alberta, growth 
room 

↑CO2 increased biomass  Yakimchuk & 
Hoddinott 1994 

Pinus banksiana C Alberta, growth 
room 

↑CO2 did not increase survival or growth after cold storage  Hoddinott & 
Scott 1996 

Pinus banksiana T C Minnesota, 
growth 
chambers 

↑temp had no consistent effect on seedling photosynthesis, ↑CO2 
increased PS by ~20%, there was down-regulation and decreased 
leaf area 

Tjoelker et al. 
1998a 

Pinus banksiana T C Minnesota, 
growth 
chambers 

↑temp led to ↑response to CO2, ↑CO2 increased relative growth 
rate, no ↑allocation to roots, slower effects on conifers than 
broadleaves 

Tjoelker et al. 
1998b 

Pinus banksiana T C Minnesota, 
growth 
chambers 

↑temp led to increased seedling respiration but also acclimation, 
↑CO2 had minimal effects 

Tjoelker et al. 
1999 

Pinus banksiana T C Thunder Bay, 
greenhouse 

↓soil temp ↓PS, stomatal conductance and transpiration, ↑CO2 
increased PS, WUE, foliar N, down-regulation of PS 

Zhang & Dang 
2005 

Pinus banksiana T C Thunder Bay, 
greenhouse 

↓soil temp had little effect on growth, biomass, ↑CO2 increased 
biomass, not as much as spruce or birch 

Zhang & Dang 
2007 

Pinus banksiana T London ON, 
growth 
chambers 

photoperiod control of dormancy negated the potential for increased 
carbon gain from higher temperatures during the autumn season. 

Busch et al. 
2007 

Pinus banksiana T Eastern Canada, 
mature trees 

↑temp will cause N shift of optimal habitat, N sources are growing at 
suboptimal temps, central near optimal will ↓in future, S may be lost 

Thomson & 
Parker 2008 

Pinus contorta C M Alberta, growth 
room 

↑CO2 ↑seedling height , biomass, and leaf area, increased PS, no 
effect on stomatal resistance, no effect on drought response 

Higginbotham et 
al. 1985 
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Species Factor Location Response Reference 
Pinus contorta T British Columbia, 

provenance tests 
Mean annual temp & mean temp of coldest month best to predict 
height, ratio of summer temp/summer precip best to predict survival, 
small changes in climate will have big impacts on growth & survival 

Rehfeldt et al. 
1999 

Pinus contorta T British Columbia, 
provenance 
tests, modelling 

Small temperature fluctuations lead to complex plastic responses, 
short-term impacts negative in south and positive in north, 
evolutionary adjustments led to ↑productivity, long-term adjustments 
could take 1-3 generations in N, 6-12 in S 

Rehfeldt et al. 
2001 

Pinus contorta T Sweden, nursery ↑temp in midwinter led to decreased needle sugar and increased 
freezing damage 

Ögren 2001 

Pinus contorta T M Alberta, mature 
trees 

Growth sensitive to heat and moisture stress in late summer of the 
previous year, winter cold, and timing of start of growing season, 
future warming will decrease productivity in Foothills 

Chhin et al. 2008 

Pinus ponderosa T North Carolina, 
greenhouse 

↑temp changed root allocation, ↑CO2 increased root biomass King et al. 1996 

Pinus ponderosa T C Oregon, 
modelling 

↑CO2 and temp increased biomass, ↑CO2 increased photosynthesis 
& reduced stomatal conductance 

Constable et al. 
1996 

Pinus ponderosa C North Carolina, 
greenhouse 

↑CO2 did not increase N acquisition, but increased NO3 absorption 
and decreased NH4, decreased root respiration rate 

BassiriRad et al. 
1997 

Pinus ponderosa C North Carolina, 
greenhouse 

↑CO2 increased root surface area due to increased length, root 
carbohydrates not affected 

King et al. 1997 

Pinus ponderosa C California, open-
top chambers 

↑CO2 increased biomass yield per unit of N in the first 2 y but not 
year 3, also increased growth dilution 

Johnson et al. 
1997 

Pinus ponderosa C California, open-
top chambers 

↑CO2 increased # of mycorrhizal root tips formed but did not 
increase their lifetime 

Rygiewicz et al. 
1997 

Pinus ponderosa C M California, open-
top chambers 

↑CO2 increased seedling diameter, shoot and root volume, and 
shoot and coarse root weight, mostly in high N, ↑CO2 increased 
drought stress 

Walker et al. 
1998 

Pinus ponderosa C California, open-
top chambers 

↑CO2 increased PS by 53%, despite decreased PS capacity, 
decreased chlorophyll & N, no change in leaf mass per area 

Tissue et al. 
1999 

Pinus ponderosa C M Oregon, 
California, 
mature trees 

↑growth since 1950, especially on dry sites, likely due to ↑CO2 Soulé & Knapp 
2006 

Picea glauca C Alberta, growth 
rooms 

↑CO2 increased biomass at high N, root biomass at low N Brown & 
Higginbotham 
1986 

Picea glauca C Alberta, growth 
room 

↑CO2 increased biomass Yakimchuk & 
Hoddinott 1994 

Picea glauca C Alberta, growth 
room 

↑CO2 increased survival after cold storage  Hoddinott & 
Scott 1996 

Picea glauca T Canada, mature 
trees, modelling 

↑temp of 5°C leads to predicted earlier bud burst of 2 to 4 wks, 
usually decreased risk of frost after bud burst 

Colombo 1998 

Picea glauca T M Alaska, mature 
trees 

Radial growth has decreased with increasing temperature because 
of increased drought stress, especially for the fastest growing trees 

Barber et al. 
2000 

Picea glauca T Alberta, growth 
chambers 

Seedlings had no change in shoot or root biomass when soil temp 
increased from 15 to 25°C, only a slight increase from 5 to 15C 

Landhäusser et 
al. 2001 

Picea glauca T Québec, growth 
chambers 

Families with superior height growth more sensitive to heat stress 
than intermediate or inferior families, may not grow as well in future 

Bigras 2000 

Picea glauca T M Québec, 
provenance test 

Populations were optimally adapted to local environment for 
temperature but not moisture, if temp ↑growth will be reduced if 
moisture increases 

Andalo et al. 
2005 

Picea glauca M Québec, growth 
chambers 

Families with superior height growth were more sensitive to drought 
than intermediate or inferior families, may not grow as well in future 

Bigras 2005 

Picea glauca T Yukon, open-top 
chambers 

↑temp ↑seedling height and PS, seedlings on S aspect grew longer 
branches and wider annual rings than on N aspect, but had 
↓Photosystem-II efficiency and higher winter needle mortality 

Danby & Hik 
2007 

Picea glauca T C Thunder Bay, 
greenhouse 

↓soil temp ↓ growth, biomass, high temp had smaller negative 
effects, ↑CO2 increased biomass at all temps 

Zhang & Dang 
2007 

Picea glauca C Ontario, 
greenhouse 

↑CO2 increased biomass, relatively more under low light, ↑root 
mass and root:shoot under high light but ↓ under low light 

Marfo & Dang 
2009 

Picea mariana C Québec, 
greenhouse 

↑CO2 increased biomass of seedlings in March, April, and May, but 
not in August 

Campagna & 
Margolis 1989 

Picea mariana C Québec, 
greenhouse 

↑CO2 increased frost damage of seedlings and negatively affected 
bud initiation and development 

Margolis & 
Vézina 1990 

Picea mariana C M Ontario, growth 
rooms 

↑CO2 ↑seedling dry wt by 20-48%, greater increase under drought, 
effect of CO2 decreased with seedling size, down-regulation of PS 

Johnsen 1993 

Picea mariana C Alberta, growth 
room 

↑CO2 increased biomass Yakimchuk & 
Hoddinott 1994 
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Species Factor Location Response Reference 
Picea mariana C Québec, growth 

chambers 
↑CO2 increased seedling survival and growth, especially with added 
N, no family differences in relative response 

Wang et al. 1994 

Picea mariana C Alberta, growth 
room 

↑CO2 did not increase survival or growth after cold storage  Hoddinott & 
Scott 1996 

Picea mariana C Ontario, growth 
rooms 

↑CO2 increased biomass of seedlings but had no effect on 
provenance differences in any measured trait 

Johnsen & Seiler 
1996 

Picea mariana T C Minnesota, 
growth 
chambers 

↑temp had no consistent effect on seedling PS, ↑CO2 increased PS 
by 20-30%, there was down-regulation and decreased leaf area 

Tjoelker et al. 
1998a 

Picea mariana T C Minnesota, 
growth 
chambers 

↑temp led to ↑response to CO2, ↑CO2 ↑relative growth rate, no 
↑allocation to roots, slower effects on conifers than broadleaves 

Tjoelker et al. 
1998b 

Picea mariana T C Minnesota, 
growth 
chambers 

↑temp led to increased seedling respiration but also acclimation, 
↑CO2 had minimal effects 

Tjoelker et al 
1999 

Picea mariana C New Brunswick, 
greenhouse 

↑CO2 increased seedling height and diameter, growth performance 
ranking not affected by ↑CO2  

Johnsen & Major 
1998 

Picea mariana C Québec, 
greenhouse 

↑CO2 led to earlier bud set and cold tolerance, down-regulation of 
PS, ↑biomass during growing season but less difference by spring 

Bigras & 
Bertrand 2006 

Picea mariana T C Thunder Bay, 
greenhouse 

↓soil temp ↓ growth, biomass, high temp had smaller negative 
effects, ↑CO2 increased biomass at all temps 

Zhang & Dang 
2007 

Picea mariana C Ontario, 
greenhouse, 
field 

↑CO2 increased seedling height but only in seedlings that had been 
exponentially nutrient loaded, maintained in field for 6 years 

Way et al. 2007 

Picea mariana T Ontario, 
greenhouse 

↑temp ↓seedling height and biomass, root:shoot ratio, PS, also 
increased thermo-tolerance and mortality 

Way & Sage 
2008 

Picea mariana C Ontario, 
greenhouse 

↑CO2 increased biomass, relatively more under low light, ↑root 
mass and root:shoot under high light but ↓ under low light, more 
sensitive than glauca 

Marfo & Dang 
2009 

Picea mariana T Ontario, 
provenance tests 

↑temp will increase height growth of northern sources, central 
sources will decrease, southern sources should be moved north to 
avoid extirpation 

Thomson et al. 
2009 

Picea sitchensis T Scotland, mature 
trees 

↑temp (2°C) could delay or advance budburst depending on chilling, 
Sitka spruce would burst buds 5 days earlier in Scotland 

Cannell & Smith 
1986 

Picea sitchensis C M UK, growth 
chambers 

↑CO2 increased relative growth rate, PS, WUE, and water potential 
after drought relative to controls 

Townend 1993 

Picea sitchensis C M UK, growth 
chambers 

↑CO2 ↑growth in well-watered + fertilizer, droughted + or – fertilizer, 
but not well-watered – fertilizer, RGR lower in last part of growing 
season at ↑CO2 

Townend 1995 

Picea sitchensis C Scotland, open-
top chambers 

↑CO2 increased root:shoot ratio, relative growth rate, summer 
extension rate, decreased foliar nutrient concentrations and growth 
rate in autumn 

Murray et al. 
1996 

Picea sitchensis C Scotland, open-
top chambers 

↑CO2 increased instantaneous PS by 62%, there was down-
regulation, higher growth stimulation in southern clones 

Centritto & Jarvis 
1999 

Picea sitchensis C Scotland, open-
top chambers 

↑CO2 decreased duration of shoot extension, suppressed lammas 
growth, but increased dry mass, accelerated seedling development 

Centritto et al. 
1999 

Picea sitchensis C UK, open-top 
chambers 

↑CO2 increased PS and biomass more in high-N than low-N 
seedlings, increased chlorophyll, no effect on stomatal conductance 

Murray et al. 
2000 

Picea sitchensis T Denmark, 
outdoor nursery 

Did not recover frost hardiness after 10 days of warm treatment in 
early spring                            

Nielsen & Ras-
mussen 2009 

Betula papyrifera T New Hampshire, 
greenhouse, 
field 

↓temp led to higher root:shoot ratio, at mountain site all seedlings 
grew at similar rate, warming could reduce growth in mountain 
populations 

Ruel & Ayres 
1996 

Betula papyrifera C Michigan, open-
top chambers 

Shade-intolerant birch responded to ↑CO2 in full sun, not in shade, 
could alter competitive balance in shade 

Kubiske & 
Pregitzer 1996 

Betula papyrifera T C Minnesota, 
growth 
chambers 

↑temp had no consistent effect on seedling photosynthesis, ↑CO2 
increased PS by 20-30%, there was down-regulation and 
decreased leaf area 

Tjoelker et al 
1998a 

Betula papyrifera T C Minnesota, 
growth 
chambers 

↑temp led to ↑response to CO2, ↑CO2 increased relative growth 
rate, no ↑allocation to roots, optimal growth at 24/18°C, response to 
CO2 ↓over time 

Tjoelker et al 
1998b 

Betula papyrifera C M Massachusetts, 
greenhouse 

↑CO2 increased growth most in least watered seedlings, growth 
may be enhanced on xeric sites in the future 

Catovsky & 
Bazzazz 1999 

Betula papyrifera C Wisconsin, 
FACE 

↑CO2 increased respiration rates in several species, reports of 
decreased respiration are due to artifacts 

Davey et al. 
2004 

Betula papyrifera C Wisconsin, 
FACE 

↑CO2 increased the negative effect of O3 pollution Karnosky et al. 
2005 
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Species Factor Location Response Reference 
Betula papyrifera T Thunder Bay, 

greenhouse 
↓soil temp ↓stomatal conductance and transpiration and Fv/Fm, 
↑CO2 increased PS, WUE, foliar N, down-regulation of PS 

Zhang & Dang 
2005 

Betula papyrifera T C Thunder Bay, 
greenhouse 

↓soil temp strongly decreased growth, biomass, ↑CO2 increased 
biomass, compensated for low soil temp 

Zhang & Dang 
2007 

Betula papyrifera C Thunder Bay, 
greenhouse 

↑CO2 increased all growth and biomass parameters, more at high N 
than Low N 

Cao et al. 2008 

Populus 
tremuloides 

C Alberta, growth 
rooms 

↑CO2 increased biomass and height in all three N regimes, but only 
temporarily, possibly due to other nutrient limitations 

Brown & 
Higginbotham 
1986 

Populus 
tremuloides 

T C Minnesota, 
growth 
chambers 

↑temp had no consistent effect on seedling photosynthesis, ↑CO2 
increased PS by 20-30%, there was down-regulation and 
decreased leaf area 

Tjoelker et al. 
1998a 

Populus 
tremuloides 

T C Minnesota, 
growth 
chambers 

↑temp led to ↑response to CO2, ↑CO2 increased relative growth 
rate, no ↑allocation to roots, optimal growth at 24/18°C, response to 
CO2 ↓over time 

Tjoelker et al. 
1998b 

Populus 
tremuloides 

C Michigan, pots ↑CO2 increased PS and fine root production and mortality in high N 
but not low N soil, ↑N increased leaf area,  

Kubiske et al. 
1998 

Populus 
tremuloides 

T Michigan, open-
top chambers 

↑soil temp ↑PS and biomass but usually in high-N soil, aspen has 
potential for greater growth in warmer soil 

King et al. 1999 

Populus 
tremuloides 

C Michigan, open-
top chambers 

↑CO2 had no effect on ammonium or nitrate uptake, but high soil N 
decreased N uptake capacity 

Rothstein et al. 
2000 

Populus 
tremuloides 

C Michigan, open-
top chambers 

Significant CO2 × genotype interaction in PS, stomatal conductance 
and PS of different genotypes responded differentially to recovery 
from drought stress 

Wang et al. 2000 

Populus 
tremuloides 

T Alberta, growth 
chambers 

At 5°C seedlings had no root growth and limited growth in leaf area 
and shoot mass compared with the large increases in leaf and 
shoot mass at 25°C. 

Landhäusser et 
al. 2001 

Populus 
tremuloides 

C Michigan, open-
top chambers 

↑CO2 and O3 decreased chlorophyll and carotenoid concentrations 
in all clones, the CO2+O3 treatment had a slight reduction in O3 
injury but ↑chloroplast damage 

Wustman et al 
2001 

Populus 
tremuloides 

C Wisconsin, 
FACE 

↑CO2 increased respiration rates in several species, reports of 
decreased respiration are due to artifacts 

Davey et al. 
2004 

Populus 
tremuloides 

C Wisconsin, 
FACE 

↑CO2 increased the negative effect of O3 pollution Karnosky et al. 
2005 

Populus 
tremuloides 

C Wisconsin, 
FACE 

↑CO2 ↑tree height, diameter, stem volume; ↑O3 decreased growth; 
↑CO2+O3 had no effect on growth; years with higher light levels 
during July gave more + growth with ↑CO2 and more – growth with 
O3. Mean daily temp in October affected growth similarly next yr. 

Kubiske et al. 
2006 

 
2.2.2 Response to Maladaptation: Migration 
 
Trees are long-lived sessile organisms that lack the ability to physically move in response to a 
change in their environment. One potential response to maladaptation is migration through 
dispersal of genetic material (seeds or pollen) in order to establish new individuals in a more 
suitable environment (Savolainen et al. 2007). Research on species movements following the last 
deglaciation provide representative data on the ability of species to migrate. Aitken et al. (2008) 
report that maximum post-glacial forest migration rates were of the order of 100 m yr-1 (10 km 
per century), while others suggest much higher rates of dispersal, up to several km per year. 
McLachlan et al. (2005) have challenged such estimates of rapid migration. They used DNA 
studies which indicate that it is more likely that remnant populations of some species (e.g. 
American beech and red maple) persisted during the late glaciation at sites much closer to their 
modern range limits than previously assumed, and hence provided much closer seed sources for 
recolonization when conditions improved. McLachlan et al. (2005) therefore concluded that the 
rapid migration rates reported in older pollen-based studies are generally overestimated. 
McLachlan et al. (2005) are in agreement with Aitken et al. (2008) in suggesting a theoretical 
maximum migration rate of up to 100 m yr-1, with most species considerably less than this. 
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In addition to relatively slow natural dispersal rates, species would have to contend with an 
inhospitable landscape when attempting to migrate. Barriers to movement across the landscape 
exist in the form of changes in land cover (e.g. clearing for agriculture), the built environment, 
and lack of suitable soil conditions to the north of current species distributions, especially for 
boreal trees (Higgins et al. 2003, McKenney et al. 2009). Changes in natural disturbance regimes 
and genetic factors will also affect the ability of species to successfully migrate in response to 
climate change (Barnes 2009). Finally, as species migrate and redistribute themselves, novel 
combinations of tree species and associated communities of pests and diseases are likely to 
emerge that may make survival in new locations difficult (Aitken et al. 2008). 
 
How quickly will climate change move across the landscape? Loarie et al. (2009) developed an 
index representing the horizontal speed of climate change (“climate velocity”) for 14 global 
biomes. They used the average of 16 GCMs statistically downscaled to 0.5 X 0.5 degrees and 
forced by the A1B, A2 and B1 SRES emissions scenarios. Table 3 shows representative results 
for the three forested biomes that occur in Canada. Assuming a maximum tree species migration 
rate of ca. 0.1 km yr-1 (McLachlan et al. 2005, Aitken et al. 2008), temperate broadleaf and 
boreal species will be unable to migrate fast enough to match the climate velocity given by 
Loarie et al. (2009). Temperate coniferous species may have the potential to migrate quickly 
enough but will be affected by the constraints discussed above. 
 
Table 3. Climate velocity and residence time for three forested biomes in Canada. Data 
from Loarie et al. (2009). 
 

Forest Biome Mean temperature velocity1 
(km yr-1) 

Residence time for protected areas 
(yr) 

Temperate broadleaf 
& mixed 

0.35 1.7 

Temperate coniferous  0.11 12.7 

Boreal 0.43 1.1 
1 Based on the intermediate SRES scenario A1B 
 
Loarie et al. (2009) also note that topography had a very large effect on the outcome of their 
analysis. They found a strong correlation between topographic slope and velocity from 
temperature change (correlation coefficient = -0.92). Temperature gradients are steep in 
landscapes with high relief, so that a large temperature change can occur over a short distance. 
Hence, species in mountainous terrain may need to migrate relatively short distances in order to 
keep up with the pace of a changing climate, assuming there is enough “reserve elevation” to 
accommodate future change. Species on flatter landscapes may need to migrate much greater 
distances to find a suitable future climate. 
 
Loarie et al. (2009) also recognized the effects of land use change on migration noted above, and 
suggested that protected areas are important to allow species to migrate to more suitable 
climates. Table 3 shows the “residence time” for changing temperatures as a function of the 
average size of protected areas in each biome, expressed as the ratio of protected area diameter 
(km) to climate velocity (km yr-1). The resulting values can be interpreted as the time required 
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for the current climate to cross a protected area. Protected areas in temperate conifer forests will 
experience a somewhat more stable climate (12.7 year residence time) as compared to those in 
broadleaf and boreal biomes (1.1 - 1.7 years). This is due to a combination of higher climate 
velocities and generally smaller protected areas in the latter biomes.  
 
Loarie et al. (2009) include three points of clarification. First, they recognize that climate is a 
complex mixture of temperature, precipitation and other factors. They used temperature as an 
indicator of climate change, but note that a similar analysis using precipitation yielded almost 
identical results. Second, an analysis done at finer spatial and temporal scales would provide 
more detail for a smaller region, but their analysis was carried out at the global scale and 
precluded a more detailed approach. Finally, this analysis did not include data on migration rates 
for individual species, which will vary widely among locations. 
 
Given the problems with natural migration outlined above, human-assisted movement of 
populations or species (i.e. assisted migration) may be an option to be considered by forest 
managers. We address assisted migration as a management option in Section 3. In the following 
section we summarize the current state-of-the-art in modeling species and ecosystem range shifts 
for various species and regions of Canada. 
 

2.2.2.1 Modelling Species and Ecosystem Range Shifts 
 
Contributed by Dr. David Price, Northern Forestry Centre, Canadian Forest Service, Edmonton, 
AB 
 
 2.2.2.1.1   Introduction 
 
Potentially, computer models of the effects of climatic factors on individual tree species, or on 
forest communities composed of two or more tree species, are powerful tools to investigate 
effects of future climate change on Canada’s forests. Within this premise, however, lie a number 
of important caveats. First, there are many kinds of tree and forest models available but not all 
are “climate-sensitive”. Climate-sensitive means that the model accepts climatic data (real or 
simulated) which affect the simulated output to some extent. Secondly, among those models that 
can be described as climate-sensitive, there are several classes, each designed for different 
purposes, and none of which can provide “all the answers”. Many of these models are “research-
oriented”, while many others have management applications. Thirdly, the use of ecological 
models and the interpretation of their outputs is an inexact science. Models are only 
simplifications of reality and the interacting factors which contribute to overall ecosystem 
responses to climate and climate change are particularly numerous and complex. Hence, the 
results obtained from any ecological model should always be treated with scepticism. In practice, 
modellers try to validate their models by comparing simulation results to real measurements and 
observations wherever possible and also with other models to determine how and why results 
may differ.  
 
The US Forest Service organized a workshop in Oregon in January 2008 to discuss the value of 
climate-sensitive vegetation models to managers needing to make forest management decisions 
in a changing climate (Robinson et al. 2008). A group of experts identified five distinct classes of 
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model, of which two have high value in projecting changes in tree species distribution. The first 
of these two classes is known as “climate envelope” or “statistical species distribution” models. 
As their second name suggests they are based on statistical relationships which relate the 
observed natural distribution of a given species to the climatic boundaries (or envelope) of that 
distribution. The second class is forest “gap” or “patch” models which simulate the ecological 
processes that determine mortality (leaving gaps in the forest canopy), followed by regeneration, 
growth and competition of forest species on small (e.g., 0.1 ha) plots (or patches) within the 
forest.  
 
Three other classes of climate-sensitive vegetation model may have some value to questions 
about effects of a changing climate on species distribution, but will only be discussed briefly. 
The first of these are “equilibrium projection models” (e.g., Rizzo and Wiken 1992, Prentice et 
al. 1992), which are climate envelope models applied to entire vegetation zones (biomes at the 
global scale) to determine how they might shift in response to a stabilized altered climate. They 
are not favoured today for several reasons, mainly because the “equilibrium” condition they 
forecast could take centuries to achieve in reality. They have largely been superseded by 
dynamic vegetation models (DVM), which are being developed to project transitional changes in 
distributions of entire ecosystems at large scales over periods of decades to a century. Neither 
equilibrium projection models nor DVMs explicitly track individual species; instead they 
represent large-scale vegetation as combinations of inclusive “plant functional types” (PFT) 
which generally lack species-specific characteristics. Examples of PFTs are evergreen-
needleleaf, deciduous broadleaf, etc. Studies using DVMs applied to Canada alone are rare: 
Lenihan and Neilson (1995) reported one study with the MC1 model (Bachelet et al. 2001) and 
more recently Price and Scott (2006) coordinated a three-way comparison of MC1 with the 
SDGVM model of Woodward et al. (1995, 1998) and the IBIS model of Foley et al. (1996) 
which showed disturbing differences among the models. Price and Scott concluded that DVMs 
were not yet mature enough for national-scale studies and further effort is ongoing to address the 
issues raised by their study. The third large group of climate-sensitive models is known 
generically as “landscape models”. These are very high resolution models often designed to 
support operational decision-making, and many of them track growth and competition among 
individual species, often employing forest gap model algorithms. They are computationally 
intensive, however, and do not appear to provide significant advantages over gap models when 
projecting potential responses of forest distribution and species composition to climatic change. 
 
 2.2.2.1.2 Climate Envelope Models (CEM) 
 
Climate envelope models (also known as Bioclimatic Envelope Models) attempt to correlate the 
spatial distribution of forest types or species with climatic zones, possibly keyed on specific 
characteristics of each species (or plant functional type) and using particular combinations of 
climate variables as the driving factors. Thomas et al. (2004) define climate envelope this way: 
 

“The statistical match between climate variables and the boundaries of a species’ 
distribution (climate envelope) represents conditions in which a species 
(normally) shows a positive demographic balance (rarely the absolute physical 
limits of a species, but the set of conditions under which it survives in at least 
some multi-species communities). The statistical approach is generic, but specific 
methods vary between studies” (Thomas et al. 2004, p. 147).  
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Because climate is spatially variable and generally dependent on latitude, elevation and the 
degree of continentality, it is attractive to compare the distributions of ecosystems and species 
with climatic zones that can be defined on the basis of annual or seasonal temperature and 
precipitation, and potentially of other climate variables or indices (the latter often derived from 
temperature and precipitation data, such as growing degree day sums and various aridity 
indices). If good relationships can be established between the observed geographic distribution 
of a tree species or forest community and the local climate characterized by a combination of 
variables and/or indices, then in principle it should be possible to project future potential 
distributions of the same climate zone, and hence future potential distributions of the species or 
communities which are correlated with it. The source of the climate projection could be a simple 
universal change superimposed on the present-day climate, or it may be generated by a climate 
model such as a general circulation model (GCM) forced by one or more scenarios of 
greenhouse gas emissions. 
 
Successful predictions of the distributions of invasive species after arrival in new continents 
(notably noxious weeds and insect pests, both of which are typically highly mobile and 
adaptable) have demonstrated the validity of the concept of CEMs. Further validation comes 
from inferring changes in the distributions of indigenous tree species from fossil records 
(particularly pollen data) in response to known past changes in climate, such as those following 
recent deglaciations (Thomas et al. 2004).  
 
As a means of determining the theoretical limits of tree species distributions under projected 
changes in climate, CEMs are a relatively simple and robust approach. As noted by Robinson et 
al. (2008), the key strengths of CEMs are that they are easy to implement (since very few 
parameters are needed) and the output is easy to understand. The output is typically a collection 
of range maps for individual species that can be interpreted at relatively small scales (1-10 km) 
and which tell the user where species are likely to be vulnerable to projected changes in climate. 
When applied to forest tree species, however, the major weakness in this approach is that it 
provides an equilibrium assessment of future distribution—meaning that the future climate is 
assumed to be stabilized and that the species distribution has fully adjusted to that new climate 
(the concept of equilibrium in ecosystems is itself contentious). The future projected 
distributions must assuredly not be interpreted as occurring in synchrony with the changing 
climate. In reality, it is difficult to conceive of a stabilized altered climate occurring in the 
foreseeable future, and it might take several centuries for forests to become fully “equilibrated” 
even if new climate zones were to stabilize within a few decades. Moreover, the projected 
distributions take no account of other constraints such as soil conditions, tree regeneration rates 
(particularly seed dispersal distance), landscape fragmentation, or genetic factors (e.g., 
adaptations to local day length), all of which could affect successful colonization by a new 
species (or sub-species).   
 
Robinson et al. (2008) and Pearson and Dawson (2003) identify additional criticisms of climate 
envelope models including: (1) no representation of ecological processes and hence of the biotic 
interactions which affect species survival or loss; (2) lack of recognition that present-day tree 
species distributions are often determined by climate in the recent past (hence giving incorrect 
data for projecting the future); (3) no sensitivity to increasing atmospheric CO2 concentration; 
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and (4) no accounting for future changes in natural disturbance regimes which may play a major 
role in determining “winners” and “losers”.  
 
Davis et al. (1998) reported experiments which demonstrated how climate envelope models 
might produce incorrect results. They identified two major factors determining present-day 
species distributions which are not captured by CEMs: (1) distributions are often determined by 
interactions with other species which may be altered by climate change; and (2) distributions 
may be the result of seed sources and sinks. The latter concern is that some species may survive 
and grow productively in certain areas (sinks) only because seeds are continually arriving from 
outside (sources). Hence the sinks would disappear if the outside source areas were no longer 
able to support the species of interest.  
 
The lack of representation of seed dispersal in CEMs led Iverson and coworkers (e.g., Iverson et 
al. 2002, 2005) to develop a combined modelling approach to address this problem. The 
DISTRIB model is a well-tested CEM which projects potential changes in forest distribution 
(Iverson et al. 2002). Its projections are then explored with the SHIFT model which uses 
dispersal probability functions to estimate how fast seeds can disperse from regions where a 
species exists to regions where it could exist in the future. These functions account for “seed 
dispersal ability”, the local abundance of parent trees, the time it takes to produce seeds once 
parents have occupied a new location, and for barriers in the landscape (as they occur at present). 
Iverson et al. (2004) used SHIFT to explore the probabilities of successful colonization of new 
areas for five tree species (four hardwoods and loblolly pine, Pinus taeda) along transects across 
the eastern USA. Their results were of general significance because they showed that migration 
distances were generally limited for all five species within a 100-year period. Although the 
model allowed for rare long distance (500 km) colonization events, these appeared insufficient to 
allow long distance migration. The authors concluded that when parent trees are abundant at the 
species distribution boundary, there is a relatively high probability of colonization only within a 
distance of 10-20 km (assuming suitable sites are available), but it decreases dramatically at 
distances beyond 20 km.  
 
More recent studies by Iverson et al. (2008a, 2008b) have addressed the sensitivity of individual 
tree species to IPCC Fourth Assessment Report (AR4) climate projections. While not directly 
relevant to the Canadian situation, some of their general findings are potentially significant. Of 
134 species in the eastern USA, they found that 66 would gain at least 10% in area of suitable 
habitat and 54 would lose at least 10%. With increasing severity of the projected warming trend, 
the areas lost and gained would also increase, accompanied by shifts of up to 800 km (northeast 
direction). In general, they found spruce-fir forests would be replaced by southern oaks and 
pines.  
 
Chiang et al. (2008) investigated potential changes in the distribution of tree species using 
DISTRIB coupled to the effects of these changes on NPP simulated using the PnET-II model 
(e.g., Aber et al. 1995) for four study regions in the eastern USA (Maine, Wisconsin, Arkansas 
and Ohio-West Virginia) which were identified as “focal areas of potential species range shifts”. 
The NPP simulations were carried out assuming that the future forest distributions were 
stabilized and there were no limits on species migration. Chiang et al. found the projected 
changes in species distribution had minor effects on simulated total NPP, whereas the projected 
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changes in climate had very variable effects (with increases of up to 25% or decreases as large as 
60%).  
 
At the scale of individual species, Iverson and coworkers (e.g., Iverson et al. 2008a; Prasad et al. 
2006) working in the eastern USA have been the inspiration for much of the Canadian work. 
Notably, Iverson et al. (2008a) and Prasad et al. (2006) compared different methods of 
classifying and correlating species distributions to climatic data, and applied these to predicting 
vegetation distribution under future climate scenarios derived from the Canadian global climate 
model. They found that two methods, Random Forests (RF) and Bagging Trees (BT) produced 
superior estimates of present-day species importance value (a measure of basal area coupled to 
abundance) with RF appearing to give more reasonable results in mapping changes in 
distribution in the climate change scenarios. Rehfeldt et al. (2006) also concluded that RF 
produced a better result in predicting present-day species distributions, leading Aitken and 
coworkers at UBC recently to propose a further study of potential changes in distribution of 
ecosystems and tree species in B.C. employing statistical approaches based on RF. 
 
Hamann and Wang (2006) reported a new, simpler approach using canonical discriminant 
analysis (CDA) to define the climate envelopes for ecosystems in B.C., and to model portions of 
these climate spaces for tree species under current and projected future climates. They found this 
approach was able to predict existing species ranges at high spatial resolution even beyond the 
region used to test and calibrate the model. This prediction capacity included the correct 
locations of outlier populations and southern range limits for many species. This method was 
adopted by Schneider et al. (2009) to project changes in species distributions in Alberta under 
different GCM scenarios.  
 
 2.2.2.1.3 Forest Gap Models 
 
Forest gap models are more mechanistic in their representation of climate sensitivity than CEMs, 
but the level of process built into different gap models can vary considerably. Rather than simply 
correlating the spatial distribution to climatic zones, these models attempt to predict survival, 
growth and mortality in response to climatic variations, accounting for regeneration rates, 
competition with other species for resources (light, water, nutrients) and the effects of other 
environmental drivers, including soil characteristics and disturbance events. They are also 
dynamic simulators, meaning they are capable of simulating transitional changes in forest 
structure, rather than just “at equilibrium”. In principle, therefore, they can simulate successional 
stages, and responses to climatic change, over realistic periods of years to centuries. The 
principles of all gap models follow Botkin et al. (1972) and Shugart (1984) who first developed 
this approach to simulate the gap-phase dynamics driving succession in eastern US hardwood 
forests. However, since the original concept, many researchers have developed gap models with 
more detail, often to address particular problems characteristic of other forest types.  
 
The basic unit of a gap model is a small plot or patch representing a forest site (possibly 
characterized by other factors, such as soil type) on which a population of individual trees is 
considered to compete for light, water and nutrients, with monthly or daily climate data driving 
productivity, respiration and evapotranspiration. Regeneration success, individual tree mortality 
and exogenous disturbances are treated as random events, so the outcomes of multiple patch 
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simulations applied to the same ecosystem with the same forcing climate data may vary 
significantly. Hence in a typical model run, many plots are simulated (often 100 or more) and the 
averages are used for diagnostic output. Each species considered to be present is parameterized 
according to measurements or observations of key characteristics such as rates of early height 
and diameter growth, shade-tolerance, drought-tolerance, deciduous or evergreen habit, nutrient 
demands and regeneration strategy (i.e., wind or animal borne seed, or vegetative regeneration).  
 
Gap models as a group represent the most comprehensive approach to integrating tree 
ecophysiology with species-level vegetation dynamics, but there is a wide range of detail in these 
models, including, for example, how sensitivity to CO2 concentration is represented. This range 
of complexity also brings a certain level of flexibility in application (i.e., one can choose a gap 
model that can be matched to available data!). Most gap models recognize the climatic bounds 
on presence or absence of individual species in much the same way as CEMs. Superimposed on 
this is a representation of plant physiological responses to climate and soil conditions, which 
ultimately determine survival and successful competition with other species. In early gap models, 
the physiological responses were represented rather empirically, but newer ones are often more 
detailed. Bugmann (2001) writes: “In spite of all the criticisms…, there is no alternative 
approach available that would allow one to consider the effects of weather, intraspecific and 
interspecific competition on tree population dynamics as elegantly, intuitively and 
comprehensively as forest gap models do.” However, gap models have their own problems and it 
is difficult to prove they are more reliable than CEMs, at least when used to predict future 
species distributions. Bugmann (2001) comments that the value of ecological models in general 
is not that they are able to predict the future, but that they can help us understand ecosystem 
responses under mathematically prescribed conditions. He argues that the results from modelling 
studies must be interpreted recognizing the limits of the model (i.e., the knowledge and 
assumptions of the modeller), particularly when dealing with complex models of complex 
systems. In this regard, CEMs being demonstrably simpler models, may be better suited to 
making simple predictions of future forest distribution, but the caveats about CEMs presented 
earlier must be heeded.  
 
Particular strengths of gap models noted by Robinson et al. (2008) include the following: They 
can be used at the scale of individual sites and are therefore relatively easy to validate against 
field measurements. They capture physiological processes that are climate-sensitive, and once 
properly calibrated, have been shown to provide quite realistic simulations of dynamic 
ecosystem behaviours in response to climate variations. At the individual tree level, results can 
be compared to traditional stand growth models and applied to management issues. They are also 
considered a good class of models for looking at disturbance impacts.  
 
It should be noted, however, that gap models are not really designed for mapping changes in 
spatial distributions but instead are applied at “point” locations such as climate stations. With 
thousands of spatially explicit patches spread out over a landscape, it becomes possible to run 
multiple gap model simulations to investigate changes in composition over time and space, but it 
appears this has never been attempted within Canada. Researchers interested in the wider scale 
impacts of climate change have adopted DVMs in place of gap models, to take advantage of the 
computational efficiency provided by substituting plant functional types for individual species.  
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Further caveats concerning gap models include: (1) they require proper parameterization and 
careful calibration to provide plausible results; (2) they may be limited by the availability of 
ecophysiological data; (3) as with CEMs, most gap models do not account for regeneration 
constraints on species migration, and instead assume that seeds of all species found in the region 
are present in every patch (see Price et al. 2001 for a review of this problem and newer models 
that address it). This last constraint is particularly relevant because there appear to be no 
published results for a gap model with regeneration controls applied to Canada, though Price et 
al. (1999a) investigated the importance of mass seed germination from serotinous species (e.g., 
jack pine) following fire.  
 
Much concern and effort has also been devoted to trying to model the importance of CO2 
fertilization as a mitigating factor for climate change impacts on natural vegetation. It seems 
clear that increasing CO2 concentration will increase primary productivity if all other factors are 
unchanged. However the magnitudes of the response to elevated CO2, for individual species are 
still being resolved. For example, Norby et al. (2005) reported a meta-analysis of CO2 
enrichment experiments in North America and the USA which indicated a fairly strong response 
in several diverse tree species, but a more recent analysis (presented at the American 
Geophysical Union conference in December 2008) has led Norby to revise that assessment 
downwards. At the same time, the representation of CO2 effects in most vegetation models is 
simplistic at best, so any large-scale projected responses to increasing CO2 are dubious. Climate 
envelope models generally ignore CO2 effects; gap models may use “physiologically-correct” 
representations of CO2 responses but detailed data are presently lacking for most forest tree 
species. 
 
Several researchers have applied “second generation” gap models to Canadian forest ecosystems, 
mainly boreal. Among these is the model developed initially by Bonan for Alaska and 
subsequently tested in Québec, New Brunswick and Newfoundland (Bonan 1990, 1992) and 
applied to central Canada by Nalder (2002). In the Prairie Provinces, Price and coworkers (e.g., 
Price and Apps 1996, Price et al. 1999a) and Bugmann et al. (2001) used a variant of the 
FORSKA2 model first developed by Prentice et al. (1993) to investigate changes in productivity 
and species composition (as determined from simulated biomass) along a transect of 11 climate 
stations extending from southern Alberta to northern Manitoba. Price et al. 2005 used another 
variant of FORSKA2 to investigate potential changes in growth rates of key forest types in the 
central Foothills of Alberta. Nalder and Merriam (1995) developed a model called BOPAS 
applied to Pukaskwa National Park in central Ontario, and Nalder (2002) compared FORSKA 
and BORFOR in NWT, northern Alberta, Saskatchewan and Manitoba, primarily to simulate 
carbon flows in different boreal forest ecosystems. Bugmann et al. (2001) reported a comparison 
of different gap models including FORSKA2 and yet another FORSKA variant called 
BOREALIS at Lac Duparquet on the Québec/Ontario border. Burton and Cumming (1995) and 
Cumming and Burton (1996) adapted the ZELIG model of Urban et al. (1993) for application to 
temperate and boreal forests in B.C. and Alberta. Most recently, Stratton (2008) carried out an 
M.Sc. study using FORSKA2 applied to forests in the parkland, boreal and tundra ecozones of 
the Prairie Provinces and NWT. In general, where climate change scenarios have been imposed 
in these studies, they were represented as plausible increases in temperature (e.g., +1 °C, +2 °C 
added to present-day climate records) and plausible changes in annual precipitation (e.g, -10%, 
0, +10%) rather than downscaled from GCM scenarios.  
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Survival of individual species in a changed climate will be governed by two factors: 1) their 
capacity to produce seeds and have these disperse successfully to the new areas of more suitable 
conditions (generally at higher latitude or higher elevation); and 2) their ability to grow under 
changed conditions (temperature, moisture, radiation). Recognition of the importance of 
regeneration constraints has led to the development of several “third-generation” gap models (see 
Price et al. 2001), but there have been few (if any) attempts to apply these in Canada. 
Contributing reasons for this are (1) relatively little information available to parameterize all 
species adequately for all regions; and (2) the computational demands required to carry out 
comprehensive studies over large areas. Coates and coworkers have applied the SORTIE gap 
model to simulate species interactions in natural stands both in B.C. and at Lac Duparquet (e.g., 
Coates et al. 2003; Canham et al. 2004; Greene et al. 2004), but their focus has been to 
investigate effects of silvicultural options on stand development rather than to assess effects of 
climate change.  
 
The potential for attempting large-scale modeling studies within Canada has improved in recent 
years, mainly because of large scale research programs such as the Canadian Carbon Program 
(formerly the Fluxnet-Canada Research Network, e.g., Coursolle et al. 2006). These initiatives, 
supported by the Government of Canada, have greatly increased the amount of information 
available for key species in a wide range of forested ecosystems, and should lead to new, and 
more confident, simulations of climate-driven changes in forest vegetation in the near future.  
 
 2.2.2.1.4 The Importance of Genetics in Vegetation Models 
 
Few modelling studies of species-level responses attempt to account for population differences 
as a factor in species capacity to adapt to new conditions—a problem common to CEMs and gap 
models. For example, black spruce is a boreal coniferous species with a natural range extending 
from Alaska to Newfoundland. It therefore occurs in a range of distinct climatic zones from mild 
and moist to sub-arctic (extremely cold winters with low annual precipitation). In most species-
level models, the natural range would be considered extremely extensive, suggesting that black 
spruce is very tolerant of wide ranges in climatic conditions. But it seems unreasonable to 
suppose that the phenotypic adaptations of black spruce which enable it to survive and grow in 
north-western Canada are present in subpopulations in New Brunswick or Newfoundland. This 
presents a potential problem to any model projecting changes in black spruce distribution 
because there is no explicit recognition of the climatic constraints on the subpopulations that 
would need to migrate and/or adapt to keep up with the projected shifts in climate zones.  
 
The importance of differences among natural populations is a major focus of current work by 
Aitken and coworkers at UBC, who recognize that climate change is likely to exert strong 
pressures on the natural distribution of forest species, and that the rates of shifting of climatic 
zones will “far exceed maximum post-glacial rates” of forest migration. They are therefore 
investigating the importance of genetic variability within individual species and its role in 
adaptation. Factors influencing the extent of adaptation include variability among phenotypes, 
seed production and dispersal capacities, competition among and within species and biotic 
interactions (e.g., with insect pests). They find that populations of temperate and boreal species 
show “moderate to strong clines in phenology and growth along temperature gradients, 
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indicating substantial local adaptation” (Aitken et al. 2008). The phenotypic traits driving local 
adaptation appear to be the product of small effects of many genes. This implies there is 
considerable “genotypic redundancy” in many widespread forest species, which combined with 
high fecundity could allow relatively rapid local adaptation to rapid changes in climate. The 
availability of genotypes already adapted to warmer conditions will tend to accelerate migration 
and adaptation at the leading edge of the existing distribution, whereas maladapted populations at 
trailing edges (southernmost or lowest elevation) are likely to be extirpated. In general, 
widespread species with large populations and high fecundity are likely to persist, but they will 
require several generations to adapt fully to the changed conditions (assuming that these 
eventually stabilize). As all tree populations will be suffering from maladaption, interspecific 
competition may become less strong, which would tend to facilitate survival even when 
conditions are suboptimal. From the management perspective, species with small populations, 
fragmented or narrow ranges, and low fecundity, and those in decline due to introduced insects 
or diseases, should be the primary candidates for “assisted migration” (i.e., human introductions 
of species and/or varieties expected to be better adapted to future climatic conditions). In Canada 
this will generally mean matching present-day seed origins with future climate zones projected 
several hundred km northward, or in mountainous regions, hundreds of metres higher. It may 
also mean developing site treatments to facilitate establishment and survival of the new arrivals. 
See also McLachlan et al. (2007) and McKenney et al. (2009) for recent discussion of these 
issues. 
 
 2.2.2.1.5 Review of Modelling Studies 
 
The approach adopted here is to report the results of species-level models of both types, as 
applicable to different forested regions of Canada. Figure 3 shows the coverage of modelling 
studies compiled in this report. Of these studies only one by McKenney et al. (2007) covers all of 
Canada (actually at continental scale), with the remainder focusing on smaller regions or 
collections of sites. The following section attempts to group the results of these studies into five 
distinct regional syntheses.  
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Figure 3. Species-level modelling studies of climate change impacts on forest trees in Canada superimposed on the 
Terrestrial Ecozones map of Wiken 1986. 

 
McKenney et al. (2007) followed earlier work of Iverson and coworkers using gridded 
climatological data to define the present-day climatic envelopes for 130 North American tree 
species throughout Canada and the USA. These climate envelopes were then compared these to 
projections for three different climate scenarios (Canadian, UK and Australian GCMs forced by 
the IPCC SRES A2 and B2 emissions scenarios) in 2100. To investigate effects of species 
dispersal limitations, they reported two extreme scenarios: one where species did not move at all 
and one where species were assumed able to shift entirely into the future climatic envelope. In 
the latter “full-dispersal scenario”, future potential ranges were shifted generally northwards by 
700 km. Depending on the species, future ranges either decreased or increased in area, on 
average decreasing by 12%. In the no-dispersal scenario, the average species range contracted by 
58% in area, with a northward shift of 330 km (i.e., a shift that overlaps with the present-day 
distribution range). The general consequence for Canada was that much of the country would be 
able to support a much wider diversity of forest tree species by 2100, while much of the southern 
USA would be experiencing a climate that would effectively extirpate most of the species 
present today (though McKenney et al. emphasized that not all of the 700 or so tree species 
found in North America were considered in the study). The increase in “climate envelope 
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richness” was greater in eastern Canada, but there were differences evident between the two 
emissions scenarios: the more extreme (and potentially more plausible) A2 scenario shifted the 
climate envelopes further north and reduced their areas compared to the B2 scenario. It was also 
clear that many of the limitations in CEM simulations discussed previously applied in this 
continental-scale study. In particular, soil conditions north of the present tree line are likely to 
present a significant barrier to northward colonization by boreal species.  
 
 2.2.2.1.6 Regional Syntheses 
 
 2.2.2.1.6.1 Northern Boreal Treeline 
 
Pastor and Post (1988) may have been the first to carry out gap model simulations to investigate 
the interacting effects of climate warming and soil limitations on water and nutrient supplies at 
forest sites in Canada. In northern Québec, their model projected rather modest increases in 
productivity of spruce-dominated forests on both silty-clay and sandy sites. In the west, Bonan 
(1990, 1992; Bonan and Van Cleve 1992) developed a gap model to investigate responses to 
climate change projections in the boreal regions of Alaska and was able to show that different 
ecosystems could respond very differently: white spruce stands on south-facing slopes would be 
likely to suffer from increased water stress, whereas black spruce on colder north facing slopes 
would be largely unaffected.  
 
Starfield and Chapin (1996; Chapin and Starfield 1997) used a novel dynamic modeling 
approach to estimate northward expansion of the treeline in Alaska, in response to transient 
changes in temperature, precipitation, fire occurrence and land use, concluding that it would take 
150-250 years for trees to invade the Alaskan tundra. They proposed that rapid warming and 
drying would lead to the transitional establishment of a boreal grassland ecosystem resembling 
the aspen parkland of the Prairie Provinces. MacDonald et al. (1993) have also found 
paleoecological evidence that trees could become established in the tundra in as little as 150 
years, supporting earlier modeling studies (e.g., Pastor and Post 1988). More recently, Rupp et 
al. (2001) used another model (ALFRESCO) to simulate vegetation change in northwest Alaska 
and concluded that the Brooks Range mountains present a major obstacle to northward migration 
of forest species into the Alaskan tundra, which could therefore take millennia, but Canada lacks 
a comparable large trans-continental high latitude barrier. Other studies suggest that dispersal 
rates will be slower than generally assumed in cold environments (at high elevation and/or high 
latitude) where slow growth and poor dispersal combine (e.g., Dullinger et al. 2004). Payette et 
al. (2001; see also Gamache and Payette 2005) argue that northward colonization of the arctic 
tundra (the zone north of the arctic treeline) in northern Québec is controlled by the interplay of 
climate, microtopography, soils and fire. The sparse coverage of trees at the northern edge of the 
forest-tundra is both a cause and a result of infrequent fires, with some trees surviving hundreds 
or even thousands of years, and relatively few new recruits established from seed. With climate 
warming, and assuming soil conditions allow, more rapid colonization may proceed, but could be 
limited to regions within the subarctic forest-tundra transition zone, while northward expansion 
into the (virtually treeless) arctic tundra would take much longer. 
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 2.2.2.1.6.2 British Columbia  
 
Burton and Cumming (1995) and Cumming and Burton (1996) investigated effects of climate 
change scenarios on species-level phenology and frost effects using a modified version of the 
ZELIG gap model applied to forest ecoregions in B.C. and Alberta. The model suggested that 
lowland coastal temperate forests could undergo catastrophic losses because some dominant 
species [notably Douglas-fir (Pseudotsuga menziesii var. menziesii) and western hemlock (Tsuga 
heterophylla)] would not receive sufficient chilling to induce cold-hardiness and then suffer 
serious damage from recurrent frosts. Higher elevation coastal forests would generally benefit 
from longer growing seasons stimulating higher productivity and because more productive 
species (such as western hemlock) would seed in from below. Interior subalpine forests presently 
dominated by subalpine fir (Abies lasiocarpa) and Engelmann and white spruce would similarly 
undergo a gradual replacement by more productive lower elevation species including interior 
Douglas-fir (Pseudotsuga menziesii var. glauca) and western larch (Larix occidentalis). 
However, interior Douglas-fir forests were projected to remain substantially unchanged, with 
possible increases of drought-tolerant ponderosa pine (Pinus ponderosa). The Interior Cedar-
Hemlock zone would see a shift towards dominance by western hemlock with increased 
productivity. In the B.C. sub-boreal spruce zone, as in much of the Alberta Foothills, lodgepole 
pine (Pinus contorta) was projected to increase in dominance, tending to replace spruces. 
Similarly the Boreal White and Black Spruce zones of B.C. (and possibly northern Alberta) were 
projected to give way to domination by lodgepole and jack pine. The rates and magnitudes of 
change were predicted to be variable, but different climate scenarios did not differ in the 
direction of change. 
 
Hamaan and Wang (2006) used climate scenarios to determine how the climate envelopes for 
present-day distributions might change in area, elevation and spatial distribution. Species with 
their present northern range limit in B.C. were predicted to gain potential habitat at a rate of at 
least 100 km per decade. Some commercial conifer species (notably lodgepole pine) were 
expected to lose significant areas of suitable habitat whereas the ranges of most common 
hardwoods were largely unaffected. The simulated spatial redistribution of “realized climate 
space” for ecosystems in B.C.’s complex topography is considerable, with present-day sub-
boreal and montane climate zones projected to disappear particularly rapidly. 
 
Wang et al. (2006) estimated lodgepole pine responses to climate variation and change in B.C., 
based on mapping of populations and relating these to climate variables (primarily mean annual 
temperature, MAT). The ultimate purpose was to provide a means of assessing management 
options for existing geographically defined seed planning units (SPUs) used to define sources of 
local seed for reforestation programs. Derived response functions identified several populations 
in central areas of the species’ range exhibiting greater growth potential over a wide range of 
MAT. They concluded that average productivity of lodgepole pine will increase by up to 7% 
with moderate warming (approximately 2 °C increase in MAT) and a projected slight increase in 
annual precipitation, but there would be significant decreases in some SPUs in southern B.C. 
Greater warming (above 3 °C increase in MAT) would lead to net decreases in productivity 
compared to present-day with serious reductions in southern SPUs and some local extirpations. 
Wang et al. (2006) use these results to propose that new strategies are needed to identify the best 
seed sources for future reforestation, which will not only overcome many of the negative effects 
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of a warmer climate but may even increase lodgepole pine productivity in some areas compared 
to present-day. Consistent with these results, McKenney et al. (2009) investigated effects of past 
and future climate scenarios on present-day seed zones, finding that in B.C., there have already 
been significant changes in temperature and precipitation with much greater increases in average 
growing season length and annual precipitation projected for the period up to 2100, particularly 
in the northeast of the province. The average projected increase in growing season length for 
B.C. seed zones is approximately 50 days per year while precipitation is projected to increase by 
15-50%, depending on location. In many seed zones, however, the increase in precipitation will 
be insufficient to offset the increase in evaporative demand, implying increased droughts and 
water stress effects on mature trees and planted seedlings alike.  
 
Most recently, work by Flower and Murdock (2009, in prep.) has focused on the potential 
changes in distribution of interior Douglas-fir and spruces in B.C. using a CEM based on 
principal component analysis (PCA) as the method for correlating species presence to a suite of 
eight climatic indices. When subjected to projections of future climate according to six different 
GCM scenarios, they found that suitable habitat for Douglas-fir would expand from the central 
and southern regions of the province to regions at higher elevation and further north. By the 
2080s, the overall expansion of area considered climatically suitable varied from 34% to 58% 
depending on the climate scenario, but the scenarios producing the greatest increases also tend to 
project the greatest losses of presently suitable habitat (at lower elevations in southern B.C.). 
Interestingly, in spite of the differences among scenarios, all six projections agreed on the 
distribution of suitable habitat in the 2080s for 40% of the province, and five out of six agreed 
for 66% of the province. The story for the white spruce–Engelmann spruce complex is rather 
different. During the first half of the 21st century, the range of suitable climate is not projected to 
change greatly, with only minor expansion into higher elevation regions and minor losses of area 
particularly in the south, presumably where water deficits are projected to become limiting. In 
the period following the 2050s, however, losses of suitable habitat become more extensive, with 
much of the southern interior evidently becoming too dry. Agreement among different GCM 
scenarios for the projected changes in suitable habitat was also stronger: all six models agreed on 
the distribution of suitable habitat in the 2080s for 54% of the province and five out of six agreed 
on 76%.  
 
McKenney et al. (2009) also highlighted other effects of a warmer and drier climate in B.C. on 
the occurrence of fires and insect outbreaks. Flower and Murdock (2009) went further and 
investigated the potential changes in climatic suitability for two major insect pests: western 
spruce budworm (Choristoneura occidentalis) a pest of Douglas-fir, and spruce bark beetle 
(Dendroctonus rufipennis), which affects spruces. They found overall decreases in projected 
areas with high “probability of outbreak”, although there were general northward and eastward 
shifts in the foci of projected outbreaks over time.  
 
 2.2.2.1.6.3 Western Boreal 
  
In the central Prairie Provinces, Hogg and Hurdle (1995) examined the effects of a projected 
2×CO2 stabilized climate on the southern boundary of the boreal forest, previously found to 
approximate an isoline where annual potential evapotranspiration (PET) approximately balances 
annual precipitation (Pann). Although this was not strictly a CEM study, they created a 
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generalised climate projection derived from the Canadian GCM 2×CO2 scenario (warming of 
about 4.5 °C in MAT and 11% increase in Pann) and applied these changes to the 1951–1980 
climate normals. They found the projected increases in Pann were insufficient to offset the 
projected increase in average PET, which implied that aspen and mixedwood forests would have 
to die back (reduced leaf area, lower productivity and eventual death) to re-establish the annual 
water balance. The transitional ecozone, known as the aspen parkland, which extends between 
the boreal forest and the prairies, would similarly undergo extensive dieback, possibly 
exacerbated by insect defoliation, causing both the forest and the aspen-parkland to retreat 
northwards to be replaced by grassland ecosystems as drier conditions prevail. The process of 
dieback would cause tree species impoverishment because different boreal species have different 
levels of drought tolerance. Given that aspen is the major species occurring in the transition 
zone, it would presumably be the last species to remain after boreal conifers disappeared from 
the forest (spruces, followed by pines). This northward retreat of the forest was also projected 
using the IBIS DVM (Price and Scott 2006), with a significant northward expansion of grass and 
shrublands in the drier regions of Alberta and Saskatchewan, in response to a climate warming 
scenario. Gap model projections by Burton and Cumming (1995) for this region produced 
somewhat similar results, mediated by possible survival of pine species on moister sites.  
 
Price and Apps (1996) first investigated effects of climate change scenarios on biomass 
accumulation and species composition using a modified version of FORSKA2 (Prentice et al. 
1993) at station locations along a transect extending from southern Saskatchewan to northern 
Manitoba using four GCMs. They found little impact on either except in the south where higher 
minimum temperatures allowed new species to survive (though these invaders were 
unrealistically far from existing populations) but low annual precipitation limited significant 
increases in biomass. Further work with an improved version of the model that accounted for 
interannual climate variations (Price et al. 1999a) suggested that increasing drought stress at the 
southern boundary would reduce productivity of existing species with little prospect of new 
arrivals compensating for these losses. In northern Manitoba, however, longer growing seasons 
were expected to increase productivity while leading to shifts in species composition from 
communities dominated by black spruce to mixtures of white spruce and aspen.  
 
Monserud et al. (2008) carried out a study on lodgepole pine productivity and distribution in 
Alberta using the SRES A2 climate change projections for three GCMs. All three models 
projected significant warming in Alberta, with negligible changes in precipitation, implying a 
major increase in the water limitations to forest trees in a region already subject to relatively low 
annual precipitation. Projected increases in growing season (measured in growing degree days 
above 5 °C, GDD5) generally benefitted lodgepole pine productivity (measured in terms of site 
index, SI) but the area suitable for pine growth changed substantially with projected increases in 
Dryness Index (DI, defined as GDD5 / Pann). Areas suitable for growth expanded by as much as 
67% during the 2020s, according to one GCM projection (this area includes regions already 
occupied by jack pine and jack/lodgepole hybrids). Further warming and drying reversed the 
trend with decreases (compared to present-day) of 6 to 34% in suitable area by the 2050s, and of 
40-67% by the 2080s, depending on the GCM.  
 
Most recently, Schneider et al. (2009) carried out a study for all of Alberta, following the 
approach developed by Hamann and Wang (2006) for B.C., and were able to reproduce the 
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present-day vegetation with very high accuracy using canonical discriminant analysis. The 
Schneider et al. study also investigated the likelihood that existing vegetation would persist until 
the occurrence of natural disturbance (primarily wildfire), thereby delaying the projected changes 
in established tree cover implied from a simple correlative approach. Even so, their results were 
consistent with earlier studies, suggesting a significant replacement of forest by parkland, and of 
parkland by grassland, within 50 years—even under the relatively benign SRES B2 emission 
scenario. The major driver of this change was increasing drought, caused by higher evaporative 
demand exceeding projected increases in annual precipitation.   
 
 2.2.2.1.6.4 Eastern Boreal 
 
Figure 3 shows that eastern Canada has received very little attention from CEM studies and only 
slightly more from gap modellers. Our knowledge of national climatology shows that the 
influence of the Great Lakes and Atlantic storm systems results in annual precipitation much 
greater than that occurring in the western boreal, so that sustained and widespread droughts in 
present-day forested regions are less likely in the east in the near future, even with a warmer 
climate. This suggests that for the eastern boreal zone, there is likely to be an increase in 
productivity and relatively little species loss, though we might expect spruces and birch to be 
out-competed by pines and aspen on drier sites. However, Malcolm et al. (2005a) projected 
major losses of area suitable for black spruce, jack pine and sugar maple (Acer saccharum) in 
central Ontario, with the potential for replacement in the longer term by hardwood species from 
the south.  
 
Pastor and Post (1988) found that simulated impacts of climate warming in this region were very 
dependent on soil type. At the present-day boundaries between eastern hardwood forests and the 
boreal, the general trend on soils without moisture limitations was for a transition to more 
productive temperate hardwood species. Increased productivity occurred because temperate 
species were considered to be intrinsically more productive and because the warmer conditions 
also enhanced nutrient availability. For a site at Kapuskasing in northern Ontario, a silty-clay site 
supported a transition from boreal species to more productive hardwoods including maple and 
birch, but a site with sandy soil incurred frequent water deficits resulting in a transition to a 
“stunted pine-oak forest of much lower carbon storage”. Overpeck et al. (1990) simulated 
changes in a boreal ecosystem (balsam fir, spruce and birch) in southern Québec, finding that an 
increase in disturbances coupled with relatively mild increase in temperature or reduction in 
precipitation could precipitate dramatic shifts towards hardwood–pine mixtures. 
 
 
 
 2.2.2.1.6.5 Southern Ontario, Québec and Maritimes 
 
An early example of a climate envelope analysis was carried out for red pine (Pinus resinosa) by 
Flannigan and Woodward (1994). Their study investigated the relationship between climatic 
variables and the abundance (expressed as volume per hectare) of red pine across its range in 
eastern Canada and north-eastern US (this study is not shown in Figure 3). A model was 
developed to fit the present day range and abundance of red pine using available climatic 
variables in the expectation of better understanding the processes controlling distribution. Next, 
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general circulation models were used to explore the implications of a 2 × CO2 environment on 
the range and abundance of red pine. Using a response surface, growing degree-days (base 10 
°C), and precipitation explained 54% of the variance in an independent data set of red pine 
volume per unit area. Possible explanations for the present day boundaries of red pine are 
competition for the southern limit, insufficient moisture for the south-western limit, and 
insufficient warmth during the growing season at the northern limit. The greenhouse warming 
simulation suggested a dramatic north-eastward shift of 600–800 km in the potential range of red 
pine and a decrease in total area, but also suggested higher volumes per unit area. 
 
In their study of climate change effects on Ontario seed zones, McKenney et al. (2009) found 
that January average daily temperature minima have increased by approximately 5 °C since 1950 
in these regions, with the greatest increases occurring in the northwest of the province. 
Depending on the GCM scenario, January minima were projected to increase further during the 
21st century, by as much as 10 °C in eastern Ontario. Trends in growing season length were 
somewhat differently distributed because these are tied to changes in spring and fall 
temperatures: increases of 30-45 days are projected by 2100, with the greatest extensions 
occurring in the south.   
 
The consequences of these climatic changes for Ontario forests are likely to be dramatic. 
Malcolm et al. (2005a,b) concluded that by 2050, there will be an average annual warming of 
2°C (based on six different GCM scenario projections in the range 1.4- 3.4°C).  These 
researchers then projected the corresponding changes in climate zones across the province, and 
used regression tree analysis to model potential shifts in forest tree species distribution, 
accounting for soils, topography and present-day land-use. The general northward shifts of the 
modeled climate envelopes resulted in major losses of conditions suitable for today’s dominant 
commercial species (black spruce, jack pine and sugar maple) through much of the province. The 
authors also inferred that species composition will be impoverished in the near future by the 
mortality of less tolerant species (notably sugar maple), with only the more climatically tolerant 
species (e.g., jack pine) surviving. Although the projected conditions in 2050 would likely 
become suitable for more southerly species (many of which are not naturally present in Ontario 
today), the authors recognized that limited dispersal rates and landscape fragmentation, 
particularly in the south, would effectively prevent significant colonization.  
 
It is expected that the less tolerant species will be constrained to refugia where conditions are 
cooler and/or moister than average. On the other hand, increased stresses due to more frequent 
and/or intense heat waves and drought events will presumably make many species more 
susceptible to disease and pest problems. Malcolm et al. (2005b) also explored the potential 
effects of increased occurrence of natural disturbances related to warmer climate, pointing to 
losses of biodiversity, habitat and timber supply resulting from generally younger forests. These 
disturbances would therefore precipitate the losses of the more climatically sensitive tree species.  
 
The work of Iverson and coworkers in the eastern USA (e.g., see Iverson et al. 1999) suggest that 
climate zones will shift northward by 250–600 km, with much of Québec and the Maritime 
Provinces becoming suitable for many hardwood species by 2100. Similarly McKenney et al. 
(2007) report that Ontario, Québec and the Maritimes would develop climate zones in some 
areas suitable for more than 60 new species (mainly hardwoods). At present, many of these 
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hardwoods only occur naturally in the USA. Whereas Malcolm et al. (2005a) suggested that 
present-day sugar maple stands are at serious risk of decline, McKenney et al. (2007) indicates 
the core range for this species would be preserved under most climate model scenarios. The 
climate zone suitable for yellow birch (Betula alleghaniensis) would be likely to shift from its 
present range in southern Québec and New Brunswick northeastward into central Québec.  
 
 2.2.2.1.7 Concluding Remarks 
  
Canada’s forests are already exposed to serious threats, many of which can be attributed at least 
partially on ecosystem responses to climate warming that has already occurred during the second 
half of the 20th century. With continued increases in atmospheric greenhouse gas concentrations, 
it is only logical to assume that these threats will worsen and others may manifest. To date, most 
of the concern derives from the likelihood that warmer conditions will increase the frequency 
and intensity of natural disturbances, more than that they will adversely affect primary 
productivity and forest distribution. However, there is ample evidence, supported by numerous 
modelling studies, that a warmer climate will shift the optimal climatic conditions for most 
Canadian tree species away from their present locations: in general northward and/or upward. 
The rate of warming and the consequential shifts in suitable climate zones will be far faster than 
any natural colonization process. Species losses are likely to be accelerated by disturbances, 
though regeneration of disturbed areas by colonizing species may be more rapid. But we can 
reasonably expect sensitive species to be lost at the southern or lower-elevation edges of their 
present-day ranges faster than new individuals will be able to colonize at the northern or upper-
elevation limits. Human interventions, generally to “assist migration” of tree species into new 
areas of suitable climate, appear to be the only real option if forest resources are to be managed 
successfully for the future. Models of species-level responses to climate can help in forward 
planning, but it is important to recognize they cannot provide all the answers. Part of the reason 
for this is that local projections of future climate change (how much? how fast? and where?) are 
extremely uncertain, because detailed understanding of climatic processes, as captured in global 
climate models, is still very incomplete. Climate model forecasts are unlikely to become much 
more trustworthy in the foreseeable future (Dessai et al. 2009). Therefore, projections of species 
level models like those reviewed here should be used only as a guide. The differences among 
species model projections, and among scenarios of future climate, must be used to develop 
flexible management plans, which will need to be reviewed and revised frequently as new 
knowledge about future trends in climate and ecosystem responses emerges.  
 
2.2.3 Response to Maladaptation: Species Adaptation 
 
In addition to migrating in response to climate change, populations of trees may also adapt to 
their new climates through natural selection (Kawecki and Ebert 2004). The ability to adapt 
depends on the amount of genetic variation and number of individuals in the selection pool. 
Rapid adaptation requires high genetic variation within populations for traits of adaptive 
importance, and populations must be large enough to sustain high selection intensities (Aitken et 
al. 2008). Adaptation in a particular trait may occur rapidly in a population with high phenotypic 
variation, high heritability, large number of individuals, and strong selection pressure 
(Savolainen et al. 2007). 
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Species that have high fecundity, long distance pollen flow and short generation times are likely 
to be more successful in adapting to a changing climate. These characteristics are often 
associated with pioneer species, which in turn are promoted by disturbance events (Aitken et al. 
2008). In many regions of Canada, higher levels of disturbance are expected with a changing 
climate (e.g., Flannigan et al. 2005), so successful pioneer species may thrive in the future due to 
a combination of relatively rapid adaptation and increased disturbance. For example, in boreal 
mixedwood forests increased fire frequency and severity may favour populations of trembling 
aspen over those of white spruce in regions where disturbance rates increase (Johnstone et al. 
2010). 

 
Populations on the edge of a species’ geographical range are less likely to adapt to a changing 
environment because of compromised fitness and reduced genetic variation in the relatively 
extreme environment (Savolainen et al. 2007). However, a warming climate would be expected 
to cause less stress to high-latitude or high elevation populations because gene flow from central 
populations would introduce genetic material pre-adapted to a warmer climate. Conversely, 
populations on the low-latitude or low-elevation edge of the range are likely to be stressed by a 
reduction in fitness due to receiving genetic material from the colder regions of the species range 
resulting in further maladaptation. In general, density of populations tends to be higher close to 
the centre of a species’ range and other things being equal, more long-distance pollen will reach 
populations closer to the edge of a species’ range from the direction of the centre of the range 
than from other directions (Aitken et al. 2008).  
 
Phenotypic plasticity is the production of multiple phenotypes from one genotype in response to 
changes in environmental conditions, and is an important characteristic of tree species because of 
the longevity of individual trees and their sessile nature (Miner et al. 2005). Trees survive 
extreme climatic events with a variety of strategies due to phenotypic plasticity. The current 
level of phenotypic plasticity largely determines the longevity of extant population survival 
under changing conditions. Migration and adaptation require time, so the more time available 
due to phenotypic plasticity, the greater the chance of survival of a population’s genes through 
adaptation or migration (Rehfeldt et al. 2001). 
 
As indicated above, current research on local adaptation of tree populations indicates that 
migration of trees is slow relative to climate change. Even if populations have extensive genetic 
variation, limited dispersal and establishment possibilities may hamper an evolutionary response 
to climate change (Savolainen et al. 2007). However, even common, widely distributed tree 
species need special consideration in the following situations (Mátyás 2007): 
 

• where there are isolated populations on the southern or continental fringes of the 
distribution area; 

• where there are isolated mountain populations with no ‘reserve altitude’; 

• in locations where conditions in the potential colonization area are unsuitable (e.g. 
unsuitable soils in high alpine or boreal conditions); and 

• where the areas were regenerated with reproductive material of obviously low 
adaptability 
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Adaptation, like migration, is a lengthy process for long-lived tree species. As an example, 
Rehfeldt et al. (2001) developed climate response functions for two subspecies of lodgepole pine 
(Pinus contorta ssp. contorta and latifolia) based on an extensive provenance test established 
throughout BC in 1974. The objective was to assess the impact of several climate change 
scenarios on forest productivity (volume per hectare at age 20). Impacts were governed by 
physiological plasticity in the current generation and long-term evolutionary adjustments that 
provide adaptedness and optimize productivity in future generations. Global warming scenarios 
produced short-term impacts that were negative in the south and positive in the north, but 
subsequent evolutionary adjustments projected substantial increases in productivity. The long-
term adjustments may require only one to three generations in the north but six to 12 generations 
in the south, i.e. between 100 and 1200 years. Clearly this will not be sufficient to allow tree 
species to adapt given the velocity of climate change described by Loarie et al. (2009). 
 
Populations at the southern or continental distribution limits are threatened in particular due to 
strong productivity loss, i.e. weakened competitive ability and hindered sexual reproduction 
(Mátyás et al. 2009, Mátyás 2010). A good example of this is the Island Forests in the Prairie 
Provinces. These are isolated patches of forest along the southern edge of the boreal forest, often 
surrounded by agricultural land. These forests occur on wind-deposited sands and are slightly 
higher than the surrounding landscape and therefore intercept sufficient moisture to support tree 
growth (Henderson et al. 2002). The Island Forests support primarily jack pine and aspen with 
some white spruce. The sandy soils, in combination with a semi-arid climate, result in frequent 
droughts which will likely increase in a warmer, drier future (Hogg and Bernier 2005). Johnston 
et al. (2008) describe additional sources of vulnerability for the Island Forests including the 
likelihood of mountain pine beetle spreading from Alberta, increased frequency and severity of 
fire and losses of productivity due to increased droughts. 
 
2.2.4 Index of Vulnerability 
 
Recent work by the Canadian Forest Service has provided a preliminary approach to determining 
the vulnerability of tree species to climate change based on aspects of tree genetics. The 
following section outlines recent work undertaken by J. Loo, Canadian Forest Service, Atlantic 
Forestry Centre and K. O’Leary, New Brunswick Department of Natural Resources (Loo and 
O'Leary 2009, unpublished).  
 
Loo and O’Leary set out to develop an index of tree species’ vulnerability to climate change 
based on three factors:  
 

• Ability to adapt in place: this is a function of genetic variance, population size, seed 
production, and gene flow between populations. It also includes a factor that reflects 
location relative to the centre of a species’ range (north, central, or south), and the level 
of external threat to populations (e.g. insects or disease). 

• Ability to migrate: this is based on the method of seed dispersal and seed size combined 
as a single dispersal score; the age at which reproduction begins; and habitat specificity 
and availability, which is influenced by degree of habitat fragmentation and isolation.  
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• Phenotypic plasticity: indicated by degree of heterozygosity and evidence of tolerance 
range in traits that are likely to influence adaptation. 

 
Each group of factors was assumed to have the same over-all weight; i.e., the risk of population 
extirpation is equally influenced by ability to adapt in place and ability to move, and both of 
these depend to the same extent on phenotypic plasticity. If accurate measures of plasticity were 
available, it might be reasonable to identify a “plasticity threshold” necessary for survival of 
populations while adaptation or migration occur, but it is not clear which surrogates best capture 
the concept and regardless of which are chosen as such data are not readily available. 
 
The index is calculated as  
 
V = 1 - (A + M + P)/3, 
 
where  V is the index of vulnerability, A = the ability to adapt in place, M = the ability to move, 
and P = plasticity. A, M and P each take a value between 0 to 1 based on the following 
calculations: 
 
Ability to adapt in place (A) is a function of genetic variance (VG, expressed as a scale from 0 to 
1) multiplied by the product of population size (N) and fecundity (F); the quantity of gene flow 
between populations (P), weighted by quality expressed as (L) a factor reflecting location 
relative to centre of species’ range (north, central, or south); and level of external threat to 
populations (T). 
 
Ability to move (M) is a function of method of seed dispersal and seed size combined as a single 
dispersal score (D); age at which reproduction begins (R); and habitat specificity and availability, 
which is influenced by degree of fragmentation and isolation (H).  
 
Plasticity is easily and directly quantified using provenance test data to develop transfer 
functions and calculating their width. Transfer functions relate the climate or latitudinal distance 
populations are moved to population growth. Alternatively, Rehfeldt  (1994) calculates the 
climate distance between genetically distinguishable populations to quantify plasticity and seed 
transfer distances, noting large differences among species. For example, genetically 
differentiated populations of western white pine occupy locations that differ by 80 frost free 
days, while only 18 frost free days separate genetically distinguishable populations of Douglas-
fir. 
 
Plasticity may also be inferred from standardized heterozygosity determined with allozyme 
studies (divided by maximum value) and evidence of tolerance range in traits that are likely to 
influence adaptation (expressed on a scale of 0 to 1). Such data are not available for all species of 
interest. Note that the degree of confidence in the predictions depends on available data which 
varies widely for Canada’s commercial tree species. Loo and O’Leary’s analysis used published 
reports in determining the values for A, M and P. 
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Species vulnerability ranking is as follows:   
 
0.0 – 0.19 = Low 
0.2 – 0.39 = Low-Medium 
0.4 – 0.59 = Medium 
0.6 – 0.79 = Medium-High  
0.8 – 1.00 = High 
 

2.2.4.1 Results 
 
To illustrate the calculation and interpretation of the vulnerability index, nine Canadian tree 
species were chosen for evaluation: sugar maple (Acer saccharum), red spruce (Picea rubens), 
red pine (Pinus resinosa),white pine ( Pinus strobus), trembling aspen (Populus tremuloides), 
red oak (Quercus rubra), western larch (Larix occidentalis), butternut (Juglans cinerea) and 
beech (Fagus grandifolia). These species were chosen to illustrate how different life histories 
will influence outcomes. Table 4 shows the results: 
 
Table 4. Index and ranking of nine species’ vulnerability to climate change. Data from Loo 
and O’Leary (unpublished). 
 

Species Vulnerability Score Ranking 
Trembling aspen 0.00  low
Sugar maple 0.20   low
White pine 0.35   low-medium
Western larch 0.40    medium
Red oak 0.40    medium
Beech 0.40   medium
Red spruce 0.55  medium
Butternut 0.60   medium-high
Red pine 0.75   medium-high

 
Trembling aspen has the lowest vulnerability score due to its high mobility and therefore its 
ability to keep up with changing climate. Its potential for adapting in place is tempered by the 
fact that it will not regenerate under its own shade. Aspen’s genetic variation is high, populations 
are large and fecundity is very high. Populations in southern Canada are in the central or 
southern portion of the species’ range so long-distance pollen migrants would be expected to 
come from other directions more frequently than from the south, indicating that although the rate 
of gene flow is high, quality is relatively low. Resilience and buffering against environmental 
change appears to be high, although estimates for heterozygosity vary greatly among studies. 
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Overall trembling aspen has low vulnerability because of the high ability to move and high 
genetic diversity. 
 
Other species with high capacity for moving are the relatively heavy-seeded oak and beech 
because birds are known to carry such seeds at least 4 km. The capacity of these species to adapt 
in place appears to be approximately equal because although mature beech is threatened by 
beech bark disease, the disease does not prevent seed production or regeneration. Both produce 
relatively low quantities of large seeds and are moderately site specific. Red oak tolerates soil 
moisture changes to a greater degree than beech, and both have relatively high heterozygosity 
and gene flow, coming from the south. Both have intermediate vulnerability. 
 
Three species are particularly vulnerable: red spruce which has relatively low genetic diversity, 
small species range, small populations over much of its range, short distance dispersal, and low 
tolerance to drought; red pine, largely because of low genetic diversity and short distance seed 
dispersal; and butternut because of very large seed, with short dispersal distance, relatively low 
genetic diversity and high potential threat from introduced disease, butternut canker (Sirococcus 
clavigignenti-juglandacearum) (Harrison et al. 1998). 
 
The great advantage of this approach is that jurisdictions can begin to assess the climate change 
vulnerability of important commercial or conservation species using data available today. While 
the index does not account for all sources of vulnerability, and data may be lacking for some 
species, it does provide the opportunity for beginning the process of species-level vulnerability 
assessments. 
 
2.3 Disturbance 
 
In addition to maladaptation, change in disturbance regimes is one of the most important factors 
that will determine the impacts of climate change on Canadian tree species (Lempriere et al. 
2008). The following section provides an overview of species-level impacts of disturbance 
agents (fire, insects, disease) and how these are expected to change under a changing climate. 
 
2.3.1 Fire 
 
The effects of climate change and fire at the landscape level will be considered in detail in the 
Phase 2 of the CCFM climate change project. Here the species-level impacts of fire and its 
interaction with climate change are considered. 
 
The effects of fire at the species level can be characterized by tree species’ ability to survive fire 
and the ways in which they regenerate following fire. Rowe (1983) characterized boreal forest 
tree species as invaders, evaders, avoiders, resisters, and endurers in order to examine presumed 
adaptive traits such as seeding from a distance, seed storage in 'banks', sprouting from protected 
tissues, and resistance to burning. The categories can assist in forecasting forest succession under 
current climate and fire regimes, and can be used to suggest likely shifts in species composition 
under future fire regimes. This characterization is based on the Vital Attributes model of  Noble 
and Slatyer (1980), particularly their “regeneration niche” which includes reproduction and 
shade tolerance.  
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Species’ regeneration niche is defined as follows (after Rowe 1983): 
 

1. Mode of regeneration and reproduction 

a. Vegetative-based 

i. V species: able to resprout if burned in the juvenile stage 

ii. W species: able to resist fire in the adult stage and continue growth after 
burning (fire kills juveniles) 

b. Disseminule-based 

i. D species: highly dispersed seed 

ii. S species: seed stored in soil 

iii. C species: seed stored in the canopy 

2. Communal relationships 

a. T species: shade tolerant, establish immediately following fire and persist 
thereafter 

b. R species: shade tolerant, cannot establish immediately after fire but require shade 
later in the successional sequence 

c. I species: shade-intolerant, establish immediately after fire but do not persist in 
shade of later successional species. 

 
These characteristics can be combined to describe a species response to fire and its ability to 
establish afterward. Rowe (1983) uses these characteristics to define invaders, evaders, avoiders, 
resisters, and endurers. 
 

2.3.1.1 Invaders 
 
These species have wind-dispersed seeds and rapidly invade recently burned areas, i.e. DI 
species. They are shade-intolerant pioneers that, once established usually flower or fruit 
profusely or spread vegetatively. Common forest tree species in this category include paper birch 
(Betula papyrifera) and trembling aspen. Aspen may reproduce primarily through wind-
dispersed seed on rocky terrain (e.g. the Canadian shield) but reproduces vegetatively elsewhere. 
 

2.3.1.2 Evaders 
 
Evaders store seed in the canopy (CI) or the soil (SI or ST), thereby evading the high 
temperatures of fire near the ground. These species rapidly germinate in the charred forest floor 
following fire. The best know examples are jack and lodgepole pine, both having serotinous 
cones with heat required to open the cone scales and release seed. Black spruce has semi-
serotinous cones in clumps near the top of the canopy. It should be noted however that extremely 
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severe crown fires can destroy seed in the cones of jack and lodgepole pines, preventing on-site 
regeneration. Tree species that store seed in the soil are fewer, but pin cherry (Prunus 
pensylvanica) is a common example in eastern hardwood forests.  
 

2.3.1.3 Avoiders 
 
As suggested by the name, avoiders are very susceptible to mortality from fire and tend to occur 
late in the successional sequence (DT or DI). They are found more frequently in areas with long 
fire cycles, and generally occupy mesic sites and are shade-tolerant. Examples include balsam fir 
and white spruce. 
 

2.3.1.4 Resisters 
 
These species become increasingly tolerant of fire as they get older, with thick bark and rapid 
self-thinning which reduces ladder fuels and therefore the risk of crown fires. Jack and lodgepole 
pine and some mature Douglas-fir are examples.  
 

2.3.1.5 Endurers 
 
Species that resprout following fire make up the last category (WI). The best-known species in 
the group is trembling aspen, although birch may resprout if fire is not too severe.  
 
Table 5 summarizes these strategies with respect to the length of the fire cycle. 
 
 
Table 5. Adaptations of species groups to fire cycles (modified from Rowe 1983). 
 

Short fire cycle Intermediate fire 
cycle 

Short, intermediate 
or long fire cycle 

Very long fire cycle 

Endurers (VI): 
 aspen 

Resisters (WI): 
 jack pine 

Invaders (DI):  
 aspen 

Avoiders (DT): 
 balsam fir 
 white spruce 

 Evaders (CI): 
 jack pine 
 lodgepole pine 
 black spruce 

 
  
 

 

 Evaders (ST, SI) 
 pin cherry 

  

 
Short fire cycles favour sprouting, shade-intolerant species such as aspen. Intermediate fire cycle 
length allows species that are resistant in the adult stage to mature and survive, along with those 
that store seed in the canopy or the humus layer. Pioneer invaders prosper under all fire cycles 
and the disseminule-based shade-tolerant species do well in climax communities. 
 
De Groot et al. (2003) carried out a quantitative analysis of the effects of future fire regimes on 
boreal tree species using the Vital Attributes approach of Rowe (1983). The Vital Attributes 
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approach was incorporated into a simulation model called BORFIRE. These authors simulated 
the effects of fire under current (1975-1990) and future climate (2080-2100) using data from the 
first generation Canadian general circulation model (CGCM1) as input to BORFIRE. Changes in 
forest composition and biomass due to future altered fire regimes were determined by comparing 
the effects of present and future fire regimes on forest stands over a 400-yr period. As compared 
to current climate, CGCM1 showed more severe burning conditions under future fire regimes 
including fires with greater intensity, greater depth of burn and greater total fuel consumption. 
Shorter fire cycles estimated for the future generally favoured species which resprout (Endurers) 
or store seed (Evaders). Species with no direct fire survival traits (Avoiders) declined under 
shorter fire cycles. The moderately thick bark of Resisters provided little additional advantage in 
crown fire-dominated boreal forests. Species with multiple fire survival traits (e.g. being both 
Evader and Avoider) were adapted to the widest range of fire cycles. There was a general 
increase in biomass under future fire regimes caused by a shift in species composition toward 
fast-growing re-sprouting species. Long-term biomass storage was lower in fire exclusion 
simulations because some stands were unable to reproduce in the absence of fire.  
 
This characterization can be applied to any species of interest as a means to predict (in a general 
way) the effects of future fire regimes on species composition. For example, climate change 
projections suggest that western Canada will experience a doubling to tripling of area burned and 
more frequent fire events by 2100 (Flannigan et al. 2005, Balshi et al. 2009). Under this scenario 
it is likely that aspen (both an Endurer and Invader) will increase in dominance on the landscape 
(Johnstone et al. 2010). In contrast, Flannigan et al. (2001) suggest that fires will become less 
frequent in eastern Canada, thereby favouring long fire-cycle species such as balsam fir and 
white spruce.  
 
2.3.2 Insects 
 
Contributed by Dr. Rich Fleming, Great Lakes Forestry Centre, Canadian Forest Service, Sault 
Ste. Marie, ON 
 

2.3.2.1 Introduction 
 
This section provides a description of the current state of understanding of how climatic change 
is expected to influence insects in Canada’s forests. The report focuses on insect impacts on 
forest productivity to coincide with what is assumed to be the main interest of the readership, the 
Canadian Council of Forest Ministers.  
 
In this section, species are identified by only their common names (unless Latin names are 
needed to avoid confusion). In addition, an attempt has been made to remove jargon, and reduce 
the number of cited references. Consequently, the reader is often referred only to earlier reviews 
of related subject areas with the understanding that those cited reviews can be used as gateways 
for further reading for those wishing to delve deeper into particular subjects. A number of topics 
are given only cursory mention. These include carbon budgets, pest control methods, a number 
of important pest species, and industrial considerations. 
 
The first section describes why insect impacts on Canada’s forests are important. Next the report 
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discusses some generalities (and complications) regarding how insects can be expected to 
respond to climate change. The third section deals with some representative examples of 
Canada’s prime suspects – the insect species likely to be the most damaging to Canada’s forests 
as the effects of climate change mount. The final section discusses a number of considerations in 
the management of forest insect populations in a changing climate. 
 
 2.3.2.1.1 Why Are Insect Disturbances in Canada’s Forests Important? 
 
 2.3.2.1.1.1 Disturbances Drive Ecosystem Change in Canada’s Forests   
 
Besides timber, healthy forests provide a variety of non-timber products and many ecosystem 
services including maintenance of biodiversity, clean water, and carbon storage (Gitay et al. 
2001). Forests are normally highly dynamic so separating normal forest change from changes 
caused by changes in forest health is not always easy. 
 
In Canada’s forests, change comes primarily in the form of "disturbances" which can be defined 
as any relatively discrete event in time that disrupts the successional development of a forest 
stand, ecosystem, or landscape, by affecting its population structure and changing resources, 
substrate availability, or the physical environment. Disturbances are often thought of as 
destructive events which setback, or even change the direction of, the successional processes of 
regeneration and recovery. Disturbances occur in many forms (e.g., storms, fire, insects, disease, 
and logging) and over a wide range of scales (Ayres and Lombardero 2000, Dale et al. 2001). 
Disturbances leave ecological legacies which are critical in conserving biodiversity and influence 
future species composition, age structure, and spatial heterogeneity of the area (Radeloff et al. 
2000), and consequently, facilitate or impede the occurrence of future disturbances (Kulakowski 
et al. 2003).   
 
The concept of disturbance regime is typically used to classify disturbances of a particular type 
(e.g., insect outbreak) in terms of their areal extent, severity, duration, and frequency. Since 
many areas are prone to multiple kinds of disturbances, focusing on a single type of disturbance 
may not lead to a complete analysis of a site’s disturbance history. Hence, it is also important to 
consider how different disturbances interact (Bouchard and Pothier 2008, Parker et al. 2006). In 
short, it is the disturbance regime complex, which ultimately results in large scale alterations of 
forest ecosystems and their environments.  
 
Disturbance plays a fundamental role in the development of forest ecosystem structure and 
function in Canada (Johnson and Miyanishi 2007). In sustaining itself at a site, a forest 
ecosystem goes through repeated cycles of maturation and renewal. In Canada, disturbances are 
the principal agents in these ‘renewal’ cycles for releasing the tightly bound accumulations of 
biomass, energy, and nutrients that characterize a mature forest ecosystem (Gunderson and 
Holling 2002). This sudden release produces a pulse of available resources, which opportunistic 
species exploit as they effectively invade the site and launch another successional sequence. This 
is a critical time in forest recovery. The next successional sequence could retrace previous 
successional pathways at the site and thus culminate in a mature forest with much the same 
properties (in terms of species composition, spatial distribution, soil qualities, etc.) as the one 
which existed on the site immediately before the disturbance. In this sense, the original forest 
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ecosystem has effectively retained the site. However, there are natural situations that result in the 
original forest ecosystem not retaining the site, and another, sometimes radically different 
ecosystem may start to dominate (Folke et al. 2004). Depending on the mix of available 
resources and micro-environments available at the site, and the variety of species with the 
opportunity to exploit them, the new successional sequence may veer away from the successional 
pathway leading back to the forest ecosystem originally situated at the site, and move in a 
pathway culminating in an entirely new ecosystem with its own unique disturbance regime 
complex (Raffa et al. 2008). For instance, mountain pine beetle outbreaks have caused the 
replacement of lodgepole pine ecosystems by Douglas-fir in British Columbia (Heath and Alfaro 
1990) and forest tent caterpillar attacks during droughts have contributed to forest retreat in the 
prairies’ aspen parkland (Hogg et al. 2002). The adoption of a successional sequence leading to a 
totally new ecosystem is most likely after a forest is subjected to disturbances outside its 
historical range of experience (e.g., rapid climate change, large-scale land-use-change, or 
logging). 
 
 2.3.2.1.2 Insect Outbreaks are Dominant Disturbances in Canada’s Forests 
 
Insects are the most diverse class of organisms on earth and the major natural cause of depletion 
of Canada’s forest productivity. Past outbreaks have covered extensive areas (Volney and 
Fleming 2000). In 1985, the jack pine budworm defoliated 5.8 x 106 ha of pine forest in Ontario 
and the prairie provinces. The forest tent caterpillar damaged roughly 15 x 106 ha of aspen 
parkland and adjacent boreal forest in the prairie provinces in 1982. In Ontario, this insect 
defoliated more area (19 x 106 ha in 1992) than any other hardwood-feeding insect, but typically 
causes little direct tree mortality (although it is suspected of sometimes contributing to 
subsequent declines). In 1975, at the peak of the last spruce budworm outbreak, 71 x 106 ha of 
forest in eastern North America were defoliated. Since then, spruce budworm populations have 
declined, but Canada’s western forests are now experiencing “the largest insect outbreak in 
Canadian history” (Ono 2003). The mountain pine beetle has been killing mature lodgepole pine 
over an area extending up to 13 million ha since 1999 (Raffa et al. 2008). The resultant decline in 
carbon uptake through photosynthesis and increase in emissions from decaying trees has changed 
Canada’s western forests from a small net carbon sink to a large net atmospheric source (Kurz et 
al. 2008). 
 
Until relatively recently, the technology to assess wood volumes lost during insect outbreaks 
over large areas was lacking.  Now, geographical information systems can be used to overlay 
digitized maps of the historical patterns of defoliation on maps of the characteristics of the forest 
affected, so that the total volumes lost to pests can be estimated. The last period for which these 
estimates are available was 1982 to 1987 (Hall and Moody, 1994). The average annual loss for 
Canada during this period due to the spruce budworm was 27.3 x 106 m3, that due to jack pine 
budworm damage 2.2 x 106 m3 and for the tent caterpillar 2.4 x 106 m3. To put these losses in 
perspective, the average annual total of depletions from Canada’s forests from 1982 to 1987 was 
298 x 106 m3. Insects and diseases accounted for 106 x 106 m3 of these depletions; fire, 36 x 106 

m3; and harvest, 160 x 106 m3. During this period the estimated annual allowable cut (which 
approximates the estimated forest growth in Canada), was between 244 and 346 x 106 m3. 
 
These estimates suggest that overall, Canada is close to the limits of sustainability, and probably 
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beyond it in some areas. One approach to improving this balance would be to reduce losses due 
to pests. Although it is likely impossible to change the course of outbreaks, the repetitive patterns 
evident in outbreak development and spread (e.g., Candau et al. 1998) suggest that with current 
harvest levels, one might be able to pre-empt pest-caused mortality in some situations by 
harvesting the most vulnerable stands before an outbreak reaches them. 

 
2.3.2.2 How Will Insects Respond to Climate Change? 

 
Climate expresses itself in many interacting physical dimensions (e.g., temperature, humidity, 
precipitation, cloudiness, severe storm frequency). Nonetheless, this paper focuses largely on 
temperature because, of these climate variables, it is the one for which there is most confidence 
in forecasting future climate change scenarios, and for which we have most evidence from which 
to infer insect responses. The rate of population growth of many insects is strongly dependent on 
temperature, and their survival is impaired at low and high temperatures. Changes in both mean 
temperature and the extent and frequency of extremes can have major impacts on insect 
populations.  
 
Normally, individual insects of any species have negligible impacts on forest productivity 
(although there may be trade and tariff implications). Only when their populations grow to 
damaging densities do they pose a direct threat. Since population growth is determined by the net 
effects of survival, reproduction, and dispersal, the key to determining how insect populations 
will respond to climate change is in determining the net effect of how these three processes will 
respond. (Of course, insect impacts on the forest in future climates also depends on how these 
climates affect the forest directly through forest productivity and forest structure [Cohen et al. 
2001] and through the sensitivity of the forest to insect attack).  
 
Unfortunately, we lack a complete picture of how climate (even just temperature) affects any of 
the three key population processes for any important forest insect in Canada. Survival may be the 
best understood of the three, but even with survival, how climate affects interactions with the 
collections of natural enemies and host trees and potential host trees remains almost totally 
unknown.  
 
Two approaches have been adopted for this situation. A classical, reductionist one would 
delve into the most accessible biological sub-processes which influence survival, reproduction, 
and dispersal. Forecasts of how climate will affect the future impacts of forest insects are based 
on the knowledge gained about these sub-processes (e.g., seasonality), and a variety of implicit 
assumptions about the state of the myriad unstudied components of the forest insect outbreak 
system. Alternatively, a holistic, and more empirical approach uses historical, geographic data on 
outbreaks, forest conditions, and climatic variation in process-oriented statistical analyses to 
infer how the forest insect outbreak system has responded to climate variation over its range in 
the past. This approach implicitly assumes the system will maintain the historical relationships 
between outbreaks, forest condition, and climate in making forecasts about future insect impacts 
on the forest. By comparing how the system as a whole responds to the different climates 
encountered over its range, one is able to infer how the system responds to climatic variation, 
and hence forecast how the system is likely to respond in future climates. Both approaches have 
their short-comings and in many situations, it may be the available data which dictates which 
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approach is applied. Ultimately, the two approaches will likely converge as the proponents 
become better informed about alternatives and more data becomes available. 
 
Three aspects of insect population behaviour for which there is suggestive evidence of how a 
broad rise in temperature might affect them are insect physiology, seasonality, and geographical 
distribution. This section starts with these three, and then discusses how other factors might 
complicate the expectations. 
 
 2.3.2.2.1   Physiological Responses to Climate Change 
 
In Canada where temperatures affecting physiological processes tend to be below species optima 
for most of the year, increases in temperature may be expected to speed up these processes and 
lead to more rapid development, shorter generation times, more movement, and reduced 
mortality from abiotic factors. For example, Yamamura & Kiritani (1998) estimated the potential 
decrease in generation time for a range of insect orders with a 2oC temperature rise. In Canada’s 
forests, likely candidates for shorter generation times are the hemlock woolly adelgid, certain 
bark beetles, and the two-year cycle budworm. Some insect species are constrained through 
responses to other stimuli (e.g., day length) to a fixed number of generations each year, and 
changes in generation time must be compensated by increases in the duration of a dormancy 
period.  
 
Winter mortality from lethally low temperatures is a key factor in the dynamics of many 
temperate insects, especially those that do not enter diapause but continue activity throughout the 
winter as temperature permits. Warmer winters, or reduction in the frequency of extremely cold 
periods, may thus improve the prospects for survival of such species (Cooke 2009). However, 
insects display a range of strategies in relation to the threat from low temperature (Bale et al., 
2002) and these will, in part, determine the impact of warmer conditions. Survival of insects that 
can tolerate freezing may not be increased as much by warmer winters as survival of those that 
cannot, and within the latter group, physiological and behavioural attributes will be influential in 
determining the impact of climate change. Species which are quiescent in winter may even be 
disadvantaged by periods of unusual warmth because activity increases, possibly in the absence 
of food, and depletes energy reserves critical for survival until food supplies are replenished.  
 
 2.3.2.2.2  Seasonal Responses to Climate Change 
 
For insects whose life-cycle events are controlled by temperature, those events may generally be 
expected to occur earlier, and higher temperatures are likely to facilitate extended periods of 
activity at both ends of the season. (This is subject to constraints that other factors such as day 
length and drought might impose. For instance, insects often enter diapause in response to 
photoperiodic cues). Unless the duration of food availability is also extended, insects will not be 
able to gain from the opportunity given by changes in temperature alone. There is some evidence 
that adults of insects which normally have a single generation and fly late in the season, such as 
the winter moth, might emerge even later under climate warming (Buse & Good 1996).  
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 2.3.2.2.3  Changes in Distribution in Response to Climate Change 
 
In Canada’s forests, warmer conditions can be expected to promote a northward extension of the 
range of species currently limited by low temperature and an increase in the altitude at which 
they can survive (Logan et al. 2003). For instance, a modest 2oC rise in temperature in northern 
temperate latitudes over the next century is equivalent, on average, to shifting current conditions 
approximately 6 km per year north or 3.3 m per year higher in elevation (Harrington et al. 2001). 
Most insects would be capable of tracking such changes but some host plants may not be. Hence 
the spread of some insect species may be limited by the spread of their host trees. In the case of 
invasive insects, if conditions during transport are suitable they can, of course, be moved by 
humans. International trade and tourism offer the opportunity for species to spread. Insects may 
come into contact with new potential hosts, and these hosts may already be under some stress, 
for example as a result of drought, and hence less able to defend themselves. This increases the 
likelihood of host switching. If any host plants are not under stress then any impact will be 
determined by the balance of advantages and disadvantages conferred on the insect. For 
example, phloem sap becomes more concentrated at higher temperatures, and thus acts as a 
richer source of amino acids for sap feeders, but the concentration of a range of secondary plant 
compounds tends to increase under drought stress, leading to changes in the attraction of plants 
to insects. The physical nature of the host plant may also change. Leaves may become thicker or 
waxier, or may change colour, which could make them less palatable or attractive to insects.  
 
It is not necessarily the case that, if a species which is a pest in one area arrives in a new 
location, it will be a problem there as well. The reverse is also true. As numerous examples of 
exotic biological invasions attest (Niemela and Mattson 1996), a species that is not a pest in one 
location may become one if it establishes, for example, in an area relatively free of natural 
enemies or where hosts have not evolved adequate defensive mechanisms.  
 

2.3.2.3 Complicating Factors 
 
There are complications that affect how predictably the responses of insect physiology, 
seasonality, and distribution to a general rise in temperature percolate up to the population and 
community levels. Specific complications include facets of the interactions between climate 
variables, the possibility of separation in time and space between species which currently interact 
directly, and factors affecting the ability of species to adapt physiologically to changed 
conditions.  
 
 2.3.2.3.1  Complicating Factor: Changes in Multiple Variables 
 
Temperature does not act in isolation to influence pest status and it is important to consider 
interactions with other variables. Rainfall, for example, is also critical to survival. Some insects 
are unable to tolerate extremes of drought, whilst others are disadvantaged by extremes of 
wetness.  
 
Atmospheric chemistry (e.g., CO2 levels) is also changing. Increased concentrations of carbon 
dioxide produce increases in the carbon:nitrogen ratios of plants. This requires insects to eat 
more in order to obtain adequate dietary nitrogen, and plants may respond through increases in 
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plant biomass or levels of carbon-based defences (Bezemer and Jones 1998). For insects, the net 
result may be slower larval development, longer exposure to natural enemies, and hence 
increased mortality.  
 
Besides changes in temperature and rainfall, other climate variables expected to change include 
snowfall, humidity, wind, and cloudiness. In addition, even where each of these variables is well 
within their historical ranges, their combinations (interactions) may present forests and their 
insects with climates never experienced before (Harrington et al. 2001). 
 
Economic and other considerations may lead to changes in land use, forestry practices, or human 
population distribution. Increasing transportation leads to increased risk of invasion by exotics. 
Such considerations may dominate or override any effect of climate on insects.  
 
 2.3.2.3.2  Complicating Factor: Separation in Time and Space 
 
Changes in climate may affect interactions between species by disrupting temporal synchrony. 
For example, many plant-feeding insects are dependent on synchrony between the time of bud 
burst (or flowering) and the emergence of their feeding stages. However, there is little evidence 
of feeding stages being cued directly by bud burst. Instead, similar external cues often affect both 
bud burst and the appearance of feeding stages. These external cues are often complex 
combinations of day length and specific combinations of periods and extents of chilling and 
warming. Requirements are rarely identical for the plant and insect, and have developed over 
evolutionary time. It is quite conceivable that when rapid changes in climate occur, the 
synchrony between bud burst and the emergence of feeding stages could become decoupled due 
to subtle timing differences in the response to cues determining the seasonality of the species 
concerned (Harrington et al., 2001). Pest problems may then be reduced. The decoupling of one 
synchronous food web interaction may initiate others. This can occur when a participant of the 
original interaction (e.g., an insect species) later falls into synchrony with different members 
(host tree species) of adjacent levels of the local food web. Such switches in synchrony allow 
pre-adapted exploiters immediate access to new host trees although it may take time for the 
insect to evolve the ability (if it has the capacity for such evolution). 
 
It seems highly improbable that all members of a community will respond in the same way to 
climate change, and this is likely to lead to rearrangements of current communities. Evidence 
suggests that species may move north separately rather than as fully integrated components of an 
entire ecosystem which is moving in unison. In fact, the conifer species which comprise today’s 
boreal forest in North America migrated northwards separately in the Late Glacial. Separate 
movement under future climate warming could result from (a) basic differences in the migratory 
potential of different tree and different insect species, (b) the appearance of 'green bridges' 
(plants which, once the climate warms, become hosts or provide favourable overwintering sites 
for exotic insects which previously were incapable of surviving the winter in that region), and (c) 
the destabilization of resident ecosystems.  
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 2.3.2.3.3   Complicating Factor: Differential Adaptability  
 
Differential effects of increasing temperatures on forest insects, their host trees, and their natural 
enemies may lead to changes in pest potential at higher temperatures even if temporal and spatial 
synchrony is maintained. For instance, it is expected that rapid climate change will impose more 
stress (e.g., through drought) on the relatively immobile host trees than on the forest insects 
which feed on them (and can more easily avoid environments which have become stressful for 
them). Stressed trees are often less resistant to attack, so insect population densities which 
typically only damaged the trees before the climate warmed, may become host tree killers after 
some climate change.  
  
Differential adaptability could have a genetic basis. The extent to which species genetically adapt 
to change will be dependent on the strength of the selective forces for change acting on the 
species and the genetic capacity of the species to respond. This capacity can be expected to 
increase with the species' genetic variability, geographic range, reproductive rate, migratory 
ability and competition with other biotic components of the changing environment. The more 
adaptable species are likely to be the more mobile species (because pre-adapted phenotypes are 
more likely to be able to move in from elsewhere) and the faster reproducing species (which are 
likely to give rise to appropriate genotypes more frequently). Unfortunately pests tend to show 
these characteristics. For instance, as outlined in the following sections, the spruce budworm, the 
mountain pine beetle, and the gypsy moth all have potential for genetic adaptations which could 
make them more serious problems in the future. 
 

2.3.2.4 Which Insect Species are the Prime Suspects for Future Damage to Canada’s 
 Forests as a Result of Climate Change? 

 
Doubtless, the mountain pine beetle is the prime suspect among insect species as a future threat 
to Canada’s forests as a result of climate change. Then there are the usual suspects. These are 
species which have always ranked among the most damaging in Canada, and will likely remain 
so in a changing climate. These species include the forest tent caterpillar, and the budworm 
species, headed by the spruce budworm. Finally, invasive species are included as a group, not 
because any particular one deserves this notoriety, but rather because there are quite a few of 
them, their number is increasing rapidly, and there are especially large uncertainties about the 
threat that any one of them pose to Canada’s forests. 
 
 2.3.2.4.1 Mountain Pine Beetle  
 
The mountain pine beetle (MPB) is currently the dominant cause of mortality in mature pine 
forests in western North America. Mountain pine beetle can successfully attack most western 
pines, but lodgepole is its primary host throughout most of its range.  
 
Although widespread – occurring from northern Mexico, through 12 U.S. states and 3 Canadian 
provinces – mountain pine beetle outbreaks in Canada have been mainly restricted to the 
southern half of British Columbia and the extreme south-western portion of Alberta. [In 1979, an 
outbreak occurred in the Cypress Hills at the southern junction of the Alberta-Saskatchewan 
border (Ono 2003)]. This restriction is not due to MPB’s host tree. Lodgepole pine extends north 
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into the Yukon and Northwest Territories, and east across much of Alberta. Rather, the potential 
for mountain pine beetle populations to expand north and east has historically been limited by 
winter cold and mountainous terrain. The substantial shift by mountain pine beetle populations 
into formerly unsuitable habitats during the past 30 years as a result of climate change has 
recently enabled the beetle to overcome the natural barrier of the high mountains (Carroll et al. 
2004). 
 
Pre-requisites for a mountain pine beetle outbreak to occur are an abundance of large, mature 
pine trees and several years of favourable weather. Fire suppression and selective harvesting of 
species other than pine during the latter half of the previous century have more than tripled the 
area of mature pine in western Canada. Moreover, mountain pine beetle survival has increased as 
a result of climate change over much of western Canada, allowing populations to invade 
successfully into pine forests in areas that formerly were climatically unsuitable. Thus, both 
conditions for an outbreak have coincided, and with enough force to produce the largest MPB 
outbreak in recorded history. Given the rapid colonization by mountain pine beetles of areas that 
formerly were climatically unsuitable in recent decades, continued warming in western North 
America associated with climate change will likely allow the beetle to expand its range further 
northward, eastward and toward higher elevations.  
 
Surprisingly, MPB densities have decreased in some areas that formerly were extremely 
supportive of infestations. It was expected that if climatic conditions improved in historically 
unsuitable areas, then conditions should also do so in the more suitable habitats, and the overall 
number of infestations should increase. This used to hold in areas that historically had had 
climates that were moderately to highly favourable for MPB. However, by the mid-1980s the 
number of infestations in the habitats that were previously the most climatically favourable for 
mountain pine beetle had fallen sharply. In very hot summers there, parts of the mountain pine 
beetle populations were forced into a second generation. This caused cold-susceptible stages 
(eggs, pupae, adults) to overwinter and thus interrupted flight synchrony, and consequently, mass 
attack success in the following year. This apparent disruption of mass attack in areas with very 
hot summers suggests that southern and low-elevation regions may become less favourable for 
the currently resident mountain pine beetle populations. However, in the longer term, mountain 
pine beetle populations that are genetically better adapted to warm temperatures (Bentz et al. 
2001) may move north from their present location in the U.S. 
 
In the past, large-scale mountain pine beetle outbreaks collapsed due to localized depletion of 
suitable host trees in combination with adverse weather (e.g., an unseasonably cold period or an 
extreme winter). The current outbreak may be different. In the absence of unusual weather, this 
outbreak may persist by continually moving into new habitats as global warming allows access 
to a small, but continual supply of mature pine, thereby maintaining populations at above-normal 
levels for some decades into the future (Carroll et al. 2004).  
 
A recent series of benign winters has allowed mountain pine beetle populations to extend their 
ranges along the northeastern slopes of the Rockies in Alberta – areas in which the beetle has not 
been previously recorded. This has created a very dangerous situation. The MPB is now 
approaching the jack pine forests of northern Alberta and Saskatchewan. There is no known 
biological barrier to populations of the beetles colonizing jack pine if its range expands north to 
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the zone of overlap between jack and lodgepole pines. Because jack pine is susceptible and 
extends through the rest of the boreal all the way to the east coast, the MPB may be about to gain 
access to the whole extent of Canada’s boreal forest (Raffa et al. 2008). For this reason, MPB is 
the forest insect species which poses the greatest threat to Canada’s forest resources as a result of 
climate change.  
 
 2.3.2.4.2 Spruce Budworm and Jack Pine Budworm  
 
Most forest insects which attack trees specialize in feeding on particular tissues on a particular 
tree species or a group of closely related species. Such attacks rarely kill trees unless the trees are 
already experiencing stress from something else (e.g., drought). The spruce budworm (SBW), 
which feeds on balsam fir and spruces, and the closely related jack pine budworm (JPBW), 
which feeds on jack pine are two exceptions. 
 
The spruce budworm is present in every province and territory of Canada. It is the most 
destructive insect defoliator of forests in North America. The JPBW is among the next most 
important insects in this regard. Both SBW and JPBW are members of a complex of 15 conifer-
feeding Choristoneura “biotypes” which hybridize naturally, have overlapping host tree ranges, 
and lack distinguishing morphological traits (Volney and Fleming 2007). Another member of 
this complex is the western spruce budworm, which has had serious outbreaks in the southern 
Rocky Mountains. Its principal host is Douglas-fir. Another Choristoneura species which has 
occasionally had substantial impacts is the large aspen tortrix. It attacks trembling aspen and has 
reached outbreak levels in the prairie provinces. All four of these insects are likely naturally 
prone to large outbreaks. Evidence suggests that SBW outbreaks have probably occurred since 
shortly after forests followed the last glacial retreat. 
 
Outbreaks of the JPBW typically last two to three years. SBW outbreaks last several years, with 
their after-effects remaining for up to two decades in the same stand. Defoliation intensity varies 
markedly from one year to the next. In spruce-fir stands, spruce survival after SBW outbreaks is 
normally greater than that of balsam fir.  
 
The periodicities of the outbreak cycles of both SBW and JPBW vary geographically. In eastern 
Canada, SBW outbreaks have a well-documented cycle with a period of 30-35 years. In western 
Canada, SBW outbreaks occur much less regularly. JPBW defoliation fluctuates with an average 
period of 10 years in Manitoba and Saskatchewan. In northwestern Wisconsin densities of some 
populations also cycle with a 10-year period. However, several populations in stands on xeric 
and nutrient-poor sites cycle with a higher frequency (five or six years) and maintain a higher 
mean density. This observation has led to the suggestion that a warmer, drier climate may cause a 
change in population behaviour in which JPBW outbreaks occur more frequently with an 
elevated mean population density. If so, tree mortality in jack pine stands would be expected to 
rise above historically observed levels (Volney and Fleming 2007).  
 
The persistence of episodes of SBW and JPBW defoliation also varies geographically. SBW 
occurs throughout the range of its host trees, but the extended periods of defoliation which 
characterize outbreaks seem to be confined to the southern margins of this range. In the western 
boreal forests, both JPBW and SBW defoliation persist longest at the southern margins and are 
often associated with drought. The collapse of outbreaks, at least for parts of the range, is often 
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associated with the catastrophic loss of suitable foliage caused by spring frosts. For the two 
budworms, the normal collapse of the outbreak in the host’s core range is associated with 
mortality driven by natural enemies late in the larval stage. 
 
In eastern Canada, because of the dominance of the 30-35 year cycle in SBW outbreak 
dynamics, the limited length of the insect survey records, improvements in survey technology, 
and changes in survey protocols over time, it is no simple task to determine whether outbreaks 
have been getting larger. However, these survey records have been used as a basis for developing 
holistic models (Gray 2008, Candau and Fleming 2008) to forecast SBW-forest-climate system 
responses to future climates. The results suggest that outbreaks will extend further north, but lose 
some ground on the southern margins. Overall, defoliation will increase.  
 
In western Canada, where SBW outbreaks occur more sporadically than in the east, the areas 
affected have increased dramatically. The areas affected in successive JPBW outbreaks in the 
west have been increasing since the 1930s (Volney and Hirsch 2005).  
 
Climatic influences on budworm life history are considered a major factor in restricting the 
extent and intensity of outbreaks (Volney and Fleming 2007). Recent population trends for SBW 
have been associated with recruitment to the feeding stage. On white spruce, more than 85% of 
the total SBW mortality in a generation occurs before the larvae establish feeding sites and moult 
to their third instar. Dispersal in the autumn following egg hatch and again in the spring before 
establishing feeding sites accounts for many of these losses. Two indicators of recruitment, egg 
weights and seasonality, are both climate dependent. Among spruce budworm populations, those 
from locations with long, cold winters tend to have fewer, heavier eggs than those from 
environments with milder winters. This genetically based adaptation allows SBW populations to 
increase their potential recruitment substantially where winters are mild. By contrast, where 
winters are harsher, such as at higher elevation, reduced SBW recruitment is expected. This may 
help explain the decrease in the number of spruce budworm outbreaks with increasing elevation 
reported by Burleigh et al. (2002). 
 
The success of both JPBW and SBW populations in establishing feeding sites in the spring 
depends on the synchrony of their development with that of their host trees. JPBW is critically 
dependent on the development of the male and female strobili for survival of the early instars. By 
contrast, SBW second instars possess an array of morphological and behavioural adaptations that 
allow them to mine needles, and thus tolerate some asynchrony between their spring emergence 
and vegetative shoot development. The seasonal window of spruce budworm, which spans from 
at least 3 weeks prior to, and one week after budbreak, opens gradually and closes abruptly. The 
population consequences for late-emergers is severe: larval survival is depressed (from 60% to 
10%), the pupal mass of both males and females is 50% below that of the segment of the 
population that synchronizes emergence with the opening of the seasonal window, and 
development is delayed. This is a critical period in the life history of both of these insects.  
 
The seasonality of SBW in the field after establishing feeding sites is quite predictable. However, 
the heat sum needed to develop from 2nd instar to moth varies substantially with latitude. The 
geographic variation observed in this trait appears to be almost completely under genetic control 
and the rates are buffered to accommodate variations in the bioclimatic conditions that a wide-
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ranging species such as the spruce budworm might encounter. 
 
Genetic control of spring emergence is weak so SBW larvae from a single family typically exit 
from hibernacula over a prolonged period. This ‘spreading of the risk’ guarantees SBW 
populations some synchronization with budburst. However, hybrid populations display high 
heritabilities which enable rapid adaptation to new conditions (e.g., mixed host species stands). 
Geographic variation in seasonality after establishing feeding sites is largely genetically 
controlled.  
 
 2.3.2.4.3 Forest Tent Caterpillar  
 
The forest tent caterpillar (FTC; Malacosoma disstria) is an early season defoliator of a 
taxonomically diverse group of broadleaf trees, especially species of Quercus, Acer, and 
Populus. Its vast range goes from the Gulf of Mexico to northern Canada, and from coast to 
coast.  
 
Outbreaks generally last 3-4 years, and the repeated defoliation can kill trees although the loss in 
wood volume is much less than that from a SBW outbreak. Little is known about what causes 
outbreaks, but two possible climatic factors are suitably warm temperatures during larval 
development and seasonal synchrony with the leaf-out of host trees. Population collapse is often 
attributed to natural enemies and occasionally to harsh winters (Dukes et al. 2009). 
 
 
As with many other early season insect defoliators, synchrony between larval emergence and 
host plant budbreak is important for survival and growth. Optimal growth depends on access to 
young foliage. Larvae that emerge before budbreak starve. Those that emerge too late grow 
slowly, have reduced female fecundity, and longer larval stages (and consequently more 
exposure to various mortality agents). 
 
Climate warming is already showing discernible effects on the occurrence of first leaf dates 
(Schwartz et al. 2006). However, many forest insects are quite capable of adjusting their egg 
hatch to the timing of leaf out despite substantial year-to-year variation in it. Given the large 
number of environments FTC has successfully dealt with as evidenced by its vast range, FTC is 
likely very adaptable in this regard. If leaf maturation is less responsive to temperature than 
insect development rate, larval FTC will be able to complete more of their development while 
feeding on nutritious immature foliage. Other things being equal, this would tend to increase the 
population growth potential of FTC and increase the severity, frequency, and duration of 
outbreaks. 
 
In the aspen parkland of the prairie provinces, FTC damage combined with drought and extreme 
weather in spring have increased tree mortality and reduced growth to the point that, in some 
places, forest is being replaced altogether (Hogg et al. 2002). The occurrence of outbreaks at a 
higher frequency toward the warmer margins of the host range is also evident with some other 
defoliators and seems to be associated with drought (Volney and Fleming 2000). Together, 
defoliation and drought can cause the decline and ultimate extirpation of some stands at the 
southern margins of the host’s range (Hogg et al. 2002). This is a generalization of the theme 
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developed earlier for the spruce budworm (Fleming and Volney, 1995) and applies to the other 
major defoliators that affect boreal forest tree species.  
 
 2.3.2.4.4  Invasives  
 
Invasive forest insects are non-native insects that spread when introduced outside of their natural 
distribution and cause serious and often irreversible damage to forest ecosystems and forest 
industry. The increased movement of goods and people around the world has correspondingly 
increased the likelihood of introduction of invasive forest insects. For reasons discussed above, 
climate change will likely make it easier for many introduced insects to become established in 
Canada’s forests.  
 
However, there are too many uncertainties to pinpoint exactly which invasive species will 
become the most damaging at this stage because of climate change. Accordingly,  number of 
invasive species are briefly described (CFIA 2009) with the idea that, as a group, invasive 
species should be included as a prime suspect. In some cases (e.g., Asian longhorned beetle), the 
immediate threat has declined and may be disappearing altogether. In other cases (e.g., emerald 
ash borer), the immediate threat is mounting but a paucity of relevant information precludes 
forecasting the insect’s response to climate change. More detail is provided for the gypsy moth 
and hemlock woolly adelgid as examples for explaining some of the complexities involved in 
such forecasting.  
 
 2.3.2.4.4.1 Asian Longhorned Beetle 
 
The Asian longhorned beetle (ALHB) is an invasive insect that attacks and kills a wide variety of 
deciduous tree species. This beetle was detected for the first time in Canada in September of 
2003. The infestation occurred in an area along the municipal border between the cities of 
Vaughan and Toronto, Ontario. An eradication program was launched in November of 2003. In 
2008, a broad scale survey was conducted. No signs or symptoms of ALHB were observed 
during these surveys. It seems that the immediate threat from this insect is subsiding. 
 
 2.3.2.4.4.2 Emerald Ash Borer 
 
The emerald ash borer (EAB), is an introduced wood boring beetle which attacks and kills living 
ash trees. This exotic insect pest was positively identified for the first time in North America in 
the summer of 2002. This insect has been spreading in Ontario and was first reported in Québec 
in 2008. In 2008, surveys were conducted in the four Atlantic provinces but no signs or 
symptoms were observed. 
 
This insect is considered a major threat to ash trees in central Canada and adjacent US states. A 
major research effort has been launched to develop better understanding of the insect’s life 
history and population dynamics. However, there is not enough information yet to make well-
founded forecasts about how EAB is likely to react to a changing climate (B. Lyons, Canadian 
Forest Service, pers. comm.). 
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 2.3.2.4.4.3 European Wood Wasp 
 
On July 5, 2005, the first established population of the European woodwasp in North America 
was reported in Fulton, New York. It has been spreading ever since. The European woodwasp 
feeds on many species of pine and is a serious pest of plantations in Australia, South America 
and South Africa. In Ontario, there were a number of positive finds in 2006 and 2007, but no 
adults were captured during the 2008 survey. In Québec, surveillance began in 2006 and the first 
case was not detected until two years later. No observations have been reported in the Atlantic 
provinces. 
 
 2.3.2.4.4.4 North American Gypsy Moth  
 
The gypsy moth is native to the temperate forests of Europe and Asia where occasional 
outbreaks occur. A European strain of this insect was introduced accidentally to North America 
(Massachusetts) in 1869 and has since become established in much of the susceptible forest of 
northeastern North America: west to the Great Lakes region, north to south-western New 
Brunswick and south-western Nova Scotia, southern Québec and southern Ontario (and south to 
North Carolina).  
 
In 2008, gypsy moth males were also captured in Newfoundland (2) and Prince Edward Island 
(501) and at two or more sites in all four of the western provinces. DNA analysis found no 
evidence that the Asian biotype has become established in Canada: all moths examined were of 
genotypes well known within the North American populations. The Asian strain is a greater 
threat because its female moths can fly and the larvae have a much broader host plant range, 
including conifer species, than does the European strain. Some years ago the Asian strain was 
detected in BC’s lower mainland but it was reportedly exterminated in control programs.  
 
Spread of the gypsy moth further north and west in Canada has so far been prevented by climatic 
barriers and host plant availability, as well as by aggressive eradication of incipient populations. 
Climate change is expected to increase the area of climatic suitability and result in greater 
overlap with susceptible forest types throughout Canada, especially in the west. At the same 
time, the gypsy moth is spreading west in the USA into states bordering western Canadian 
provinces. These circumstances all lead to a greatly increased risk of further invasion into 
Canadian forests by the gypsy moth (Regniere et al. 2009). 
 
Given the broad host range of the gypsy moth, including abundant northern hardwoods such as 
birch, aspen and a variety of ornamental plants, defoliation is likely but the ecological and 
economic impacts are less predictable. On the one hand, the historical pattern in Ontario and 
elsewhere suggests that leading-edge populations can reach damaging levels quickly. On the 
other hand, the substantial mortality that often quickly follows a gypsy moth invasion could 
dampen those damaging effects. 
 
 2.3.2.4.4.5 Brown Spruce Longhorned Beetle 
 
The brown spruce longhorn beetle (BSLB), an introduced wood boring pest, is native to north 
and central Europe and Japan, where it uses stressed and dying conifers as hosts, most notably 
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the Norway spruce. In 1999, the beetle was recognized in Halifax, Nova Scotia, and subsequent 
investigations confirmed that beetles collected there as early as 1990 were, in fact, BSLB. 
Studies conducted by the Canadian Forest Service since 1999 indicate that the wood-boring 
beetle is killing healthy spruce trees by feeding on the cambium and phloem and eventually 
girdling the tree.  
 
In 2008, the detection survey for the BSLB resulted in 8 new positive locations in Nova Scotia 
outside of the current BSLB containment area, bringing the total to 26 sites. Extensive trapping 
was continued in Eastern Canada and again produced no evidence of spread to other provinces.  
 
 2.3.2.4.4.6 Pine Shoot Beetle 
 
The pine shoot beetle (PSB) is native to Asia, northern Africa, and Europe. It was first found in 
North America in 1992 in Ohio, USA. A serious pest of pines, the beetle attacks new shoots, 
stunting the growth of the tree. The PSB is thought to have been introduced in solid wood 
packing material and has since been detected in the Great Lakes region of Canada and 
throughout the northeastern United States. Surveys suggest that the infested area expanded in 
2008 in both Ontario and Québec. There were no captures elsewhere in Canada.  
 
 2.3.2.4.4.7 Hemlock Woolly Adelgid 
 
The hemlock woolly adelgid (HWA) is an introduced, aphid-like insect native to India, Japan, 
Taiwan, and China. This insect is a destructive pest of susceptible species of hemlock. In 1919, 
HWA was first reported in North America in British Columbia and now attacks both western 
hemlock and mountain hemlock along the west coast of North America from Alaska to 
California. Damage on these two species is usually minor.  
 
Hemlock woolly adelgid was first identified in eastern North America in Virginia in 1951. Since 
then it has spread rapidly and now ranges from Georgia to Maine. In the eastern US, HWA has 
killed both eastern hemlock and Carolina hemlock and now threatens the existence of these two 
species in many locations. In 2008, no signs of HWA were observed during visual surveys 
conducted in and around importing nurseries in New Brunswick (3 sites), Nova Scotia (8 sites), 
Québec (18 sites) and in Ontario (10 sites). 
 
Several studies have shown that HWA survival is reduced at increasingly lower  
temperatures. Paradis et al. (2008) suggest that a mean winter temperature below –5 °C is 
required to prevent HWA populations from spreading. Consequently, the most recent climate 
projections suggest that warming will expose hemlock across the Canadian border from Maine 
and New Hampshire which was previously protected by winter cold. In addition, recent evidence 
suggests that HWA may have the ability to develop even greater cold tolerance at the northern 
extent of its range (Butin et al. 2005). More important than relaxing range constraints, milder 
winters may lead to increased survival and fecundity, thus producing higher population densities 
and more rapid decline of infested hemlocks (Pontius et al. 2006). If warming occurs in the 
future as forecast for the winter months, HWA may spread unimpeded throughout the range of 
hemlock’s distribution in eastern North America (Dukes et al. 2009). 
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 2.3.2.4.5 Surprises 
 
There will undoubtedly be surprises. Climate change is already causing some disruption to forest 
ecosystems (Gitay et al. 2001). This will likely allow populations of a few, currently relatively 
harmless insects to escape from their controlling factors, and grow to densities that threaten the 
products and services we derive from our forests. Such surprises will probably be relatively rare 
among native insect species which have become deeply embedded in their native forest 
ecosystems over the millennia. These insects are likely subject to multiple controlling factors so 
even if climate change disrupts a few of them, there are other factors to maintain control. 
 
In contrast, simpler or simplified forest insect ecosystems where there are relatively few effective 
controlling factors are likely more prone to such surprises. Although it has always been a threat, 
the recent MPB outbreak provides a vivid example of how simplifying a forest ecosystem (by 
reducing its variability in tree species composition and age structure) made it vulnerable to 
outbreak. When warmer winters then disrupted the key remaining control on MPB population 
growth by reducing winter mortality from cold, an outbreak developed that was more 
catastrophic than any ever recorded before.  
 
Simpler forest insect ecosystems would include those around insect species which were 
originally considered invasive when introduced but which have recently become controlled. 
These forest insect ecosystems are relatively young so it is unlikely that many different 
controlling factors have yet had time to develop effectiveness. Consequently, in these 
ecosystems, climate change need only disrupt one or two key controlling factors to allow the 
insect populations of concern to reach dangerous levels again. The satin moth and European 
spruce sawfly are both showing signs that they may be following this scenario (J. Volney, 
Canadian Forest Service, pers. comm.). The satin moth is native to Europe but in 1920 it was 
discovered on both coasts of North America. Native enemies and introduced parasites now 
effectively control this insect most of the time, but when the climate is favourable, it continues to 
spread, albeit episodically. The European spruce sawfly was found in North America in 1922 and 
through the 1930s was responsible for outbreaks in NB, ON, QC and adjacent US states. Two 
introduced parasites and an introduced virus have controlled the European spruce sawfly 
populations since the mid-1940s. However, this insect has recently extended its range into 
Manitoba, albeit at low population densities. Thus, climate change may be making it easier for 
the satin moth and the European spruce sawfly, both established and previously ‘controlled’ 
invasives, to expand their ranges by partially countering the effects of their controlling factors.  
 

2.3.2.5 SO WHAT (Are Key Issues for Management to Consider in this Context)? 
 
Traditionally, management of forest insect outbreaks has been viewed as one aspect of the larger 
problem of total forest management. This has involved federal and provincial forestry 
organizations, but the many goods and services produced by forests and the controversies 
surrounding forest insect management in the past have drawn in many other organizations with a 
variety of interests including aboriginal concerns, biodiversity, communities, economics, 
employment, environment, fisheries, forest industry, human health, land use change, parks, 
tourism, urbanization, and wildlife. The issue of climate change has focussed attention on yet 
another issue: the importance of the vast amount of carbon stored in Canada’s forests (Cohen et 
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al. 2001). This has given Canada a stewardship role of global dimension to play on the 
international stage.  
 
In this context, future insect management in Canada’s forests during a changing climate faces 
two broad challenges (Fleming 2000). The first is how best to manage insect disturbance regimes 
in order to sustain the benefits currently gained from the forest resource in a future climate 
change environment (Montréal Process 2009). The second is how to manage insect disturbance 
regimes so as to maximize carbon storage within Canada’s boreal forests and support the 
international agreements and obligations which will undoubtedly be coming, even if temporarily 
lacking at the moment (Cohen et al. 2001). Responses to these problems involve both 
preparatory activities which anticipate the future and the development of reactive capacity to 
deal with the unforeseen surprises that are certain to arise as the climate changes.  
 
Some of the changes brought about by climate change will not be smooth transitions from one 
state of the forest insect ecosystem to another, but rather abrupt, unforeseen disruptions as the 
system passes over previously unrecognized ‘tipping-points’. (MPB is certainly one example of 
this, JPBW is likely another). In such cases, it will be advantageous to have any renewable 
resource system designed with as much ‘resilience’ already embedded in it as possible before the 
threshold or ‘tipping-point’ is passed. Because of the primitive state of our ability to predict with 
any precision how insect disturbance regimes will respond to climate change, it is premature to 
make specific recommendations for a suite of management actions. Consequently, only the 
general concepts behind some proposed management approaches are commented on below.  
 
 2.3.2.5.1 Insect Management for Sustainable Forest Benefits 
 
Climate change will likely alter the patterns of damage caused by many insects and the resulting 
uncertainties directly affect a number of aspects of forest insect management. As the frequency 
and duration of outbreaks changes in response to climate change, it will become increasingly 
difficult to forecast where, and when, and how great the depletions will be. This will make 
current pest hazard rating procedures dated and reduce the predictability in long-term planning 
for harvest queues and insect control. 
 
Under these circumstances of increased uncertainty, it becomes increasingly important to design 
renewable resource systems which are resilient to unexpected perturbations and surprises. For 
instance, direct control through larvicide application has protected high value stands from 
defoliators in the past, but this strategy does little to alter the stand conditions under which 
outbreaks develop and the adoption of this strategy is subject to much political uncertainty. 
Silvicultural methods provide a possible alternative approach (Volney and Hirsch 2005), 
although it remains to be seen whether they are feasible at acceptable scales and at acceptable 
costs. The goal is to modify stand structure through thinning with different retention levels and 
cutting patterns such that conditions within stands become less conducive to outbreaks. For 
instance, such modifications might increase the impact of the natural enemies of the pest by 
changing the understory vegetation in their favour so that they would increase their presence in 
the stand, and consequently, their attacks on the pest population. An additional benefit is that 
such modification would reduce intra-specific competition within treated stands. The dynamics 
of the insect population can also be altered through changes in mortality rates and dispersal in 



June 2010 Tree Species Vulnerability and Adaptability to Climate Change 

66  SRC Publication No. 12416-1E10 

these new stand environments. Population densities five years post-treatment in one such 
experiment (Volney and Hirsch 2005) now seem to be showing positive results. 
 
In a changed climate, a few of what were once innocuous forest insects may thrive and suddenly 
become major disturbance agents. Potential examples include the satin moth and the European 
spruce sawfly). Similarly, there is no guarantee that all of today’s major insect herbivores will 
remain important in the new environment. In addition, insects play a fundamental role in 
sustaining forest ecosystems (Volney and Hirsch 2005) and some of these species may be 
threatened by climate change (Harrington et al. 2001). It may be difficult to distinguish the 
relatively permanent changes in population density that such scenarios imply from the long 
population cycles exhibited by some insect species (e.g., SBW: 30-35 yrs) until long after the 
fact (Fleming and Candau 1998), and this complicates the management of forests for ecological 
values (e.g., biodiversity) and services (e.g., fresh water).  
 
Changes in disturbance regimes which re-route successional pathways and produce rapid 
changes in forest landscapes are likely to disrupt certain wildlife species and aboriginal peoples 
following traditional lifestyles. Such changes may also lead to large unanticipated releases of 
carbon, especially in the less intensively managed areas of Canada’s forests.  
 
The emergence of new insect disturbance regimes also introduces additional difficulties in 
forecasting future requirements for insect control products. Since such products typically take 
years to develop and are becoming increasingly target-specific to meet environmental 
requirements. As in the past, if the demand from forestry becomes unreliable, some companies 
may become discouraged altogether and shift their research on forest insect control products into 
areas with a more certain future demand such as agriculture. At the same time, demands for 
insect outbreak suppression may grow.  
 
 2.3.2.5.2 Interactions with Other Disturbance Types 
 
Interactions between different types of disturbance are probably the rule rather than an exception. 
This is an important consideration for management: it implies that management actions taken to 
deal with one type of disturbance will indirectly affect other types of disturbance. Since these 
indirect effects can sometimes work against management goals, and in a very big way (witness 
the contribution of fire suppression to the current MPB outbreak), it behoves management to be 
cognizant and wary of such interactions.  
 
Insect disturbances interact with most other disturbance types including logging, extreme 
weather (e.g., drought, storm effects), and forest diseases (Fleming 2000). Diseases caused by 
root rots such as Armillaria spp. and Tomentosus (Inonotus tomentosus) are chronic problems in 
older stands of both conifers and hardwoods in the boreal forest. These diseases do not cause 
extensive damage but kill individual trees, or pockets of trees, and cause gaps in the canopy. 
Such diseases are often most active after prolonged insect defoliation or drought has weakened 
the trees (Mallet and Volney 1990). In other cases (e.g., hypoxylon canker [Entoleuca mammata] 
of aspen), insect vectors are crucial to the dispersal of the pathogen.  
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Extreme weather strikes Canada’s forests in a variety of forms including drought, wind-storms, 
ice-storms, lightning, floods, and heavy snowfall culminating in avalanches. The resulting 
damage often leaves stressed and injured trees which offer little resistance to opportunistic 
insects. For instance, drought stress is directly harmful to forest vegetation but more often acts in 
concert with secondary organisms to cause tree mortality. Drought conditions can also increase 
the level of stress to which defoliated trees are subjected during insect outbreaks and can result in 
higher than normal tree mortality (FTC is one example). JPBW and SBW are other examples 
(Volney and Fleming 2007). While drought does not directly predispose jack pine to insect 
defoliation, drought conditions stimulate flowering on jack pine and this, in turn, increases the 
survival of jack pine budworm, and hence the likelihood of damage during an outbreak. There is 
also evidence suggesting that spruce budworm reproduction and survival increase directly as a 
result of the warmer and drier conditions of drought. Indirect effects are also important for the 
spruce budworm. At high temperatures the vulnerable larval stages can escape many natural 
enemies because (a) the larvae develop faster than at normal temperatures and thus reduce the 
duration of their exposure, and (b) they develop more quickly at high temperatures than do many 
of their natural enemies.  
 
Wind-throw, caused by strong surface winds which can uproot extensive areas of forest, is a 
common feature of Canada’s forests and plays an important role in determining their structure. It 
is frequently reported that wind-thrown trees provide bark beetles with a staging ground from 
which to mount attacks on neighbouring healthy trees. Ice-storms, late spring frosts, and floods 
are other kinds of extreme weather which can affect successional pathways in the Canada’s 
forests or affect the progression of forest insect outbreaks. 
 
Since insect defoliation and fire are the major disturbances that affect the succession of northern 
forests, some interaction can be expected. In Ontario’s boreal forests, after severe crown fires, 
post-fire stands can be dominated by birch due to the ability of that tree species to colonize 
extensive areas by wind-disseminated seed. Where extensive crown fires have not occurred, 
shade tolerant species, such as balsam fir and white spruce are likely to dominate, creating a 
forest composed largely of tree species susceptible to spruce budworm. Where fire does not 
occur after a SBW outbreak, the tree mortality resulting directly from SBW or secondary insects 
and disease-causing tree pathogens (beetles, root rots) produces gaps in the canopy. Deciduous 
(non-host) species such as birch and aspen, which require ample light, rarely establish in the 
smaller openings. Instead, the shade tolerant host species of the SBW, balsam fir and white 
spruce, eventually occupy the gaps and thus maintain a forest susceptible to spruce budworm.  
 
Often, SBW defoliation does not result in stand-replacing tree mortality. Rather, the nature of the 
damage to the stand increases fuel loads and their vertical continuity so that it becomes easier for 
a surface fire to climb into the canopy. Once in the canopy, the fire has the potential of becoming 
much more intense and spreading very quickly as a continuous crown fire. The time over which 
the elevated probability of a dangerous crown fire persists depends on local moisture regimes 
because they affect the rate of decay of the fuel load.  
 
A recent study in Ontario found that fires were disproportionately more likely to occur three to 
nine years after an outbreak than at any other time in SBW damaged stands. In the western areas 
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of Ontario, fires occurred more often after SBW outbreak and longer periods of susceptibility to 
fire were evident than in the eastern part of the province.  
 
These regional differences in the elevated fire risks in budworm-damaged stands that are 
associated with different moisture regimes give us an estimate of the changes that might be 
expected with future climate regimes. For instance, the drier warmer climate scenarios projected 
for the west could result in more fire activity and more damage (social, economic, and even 
environmental). On the other hand, in eastern Canada where mild cooling and precipitation 
increases are forecast, fire frequency is consequently expected to decrease. This will allow the 
coniferous forests there, which support the more extensive insect outbreaks, to survive into the 
particularly susceptible older age-classes. Under these circumstances, aggressive silvicultural 
regimes such as those mentioned above, might pre-empt the losses caused by insects (Volney 
and Hirsch 2005). Careful application of this approach to produce a spatial arrangement of age-
class cohorts over the landscape (Harvey et al. 2003) would likely help reduce losses when the 
next inevitable insect, or other type of, disturbance arrives, perhaps brought on by climate 
change.  
 
Other disturbance-causing insects such as JPBW and MPB also interact with wildfire. For 
instance, improved fire control in the prairie provinces reportedly allows more jack pine stands 
to reach the older ages at which they are most susceptible to JPBW. This helps explain the 
increased extent of JPBW outbreaks over time in recent years. The jack pine killed by JPBW in 
defoliated stands leave gaps in the canopy that expose the forest floor and its litter layer to 
increased direct sunlight and air circulation. The consequent drying may promote ground fires 
which provide the heat required for the cones of jack pine to open. As a result, jack pine seed is 
deposited on an exposed mineral bed while competing tree species (which are less tolerant of 
ground fire) are simultaneously burnt back. Under these circumstances, jack pine successfully 
regenerates and retains its dominance on the site (Volney and Hirsch 2005). 
 
Overall, this interaction between insect disturbances and fire points to a significant positive 
feedback that might be working to further drive climate warming (Volney and Hirsch 2005, 
Fleming 2000, Kurz et al. 2008). With the increased release of carbon to the atmosphere from 
outbreaks and elevated fire activity, comes an increase in the global concentration of atmospheric 
carbon dioxide. The vastness of Canada’s forests may give these processes the potential of 
affecting the atmospheric carbon balance, with the consequence of an even higher risk of 
outbreaks and fires. In Canada’s forests, the net effect would be to reduce the area and 
distribution of old-growth stands, convert the forested landscape to earlier successional stages, 
and allow the grassland/forest border to move farther north.  
 
 2.3.2.5.3 Carbon Storage 
 
Suppression of insect outbreaks is occasionally considered as one way to combat the tendency of 
insect disturbance regimes to limit the carbon sequestration capacity of Canada’s boreal forests. 
The vast spatial scales involved, however, make broad-scale suppression prohibitively expensive 
and environmentally controversial using current conventional insecticides.  
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Using insecticides to protect old growth stands, which store a disproportionate amount of carbon, 
or areas which have recently been afforested (or reforested) to sequester carbon, has also been 
suggested. This approach must demonstrate durability of benefit. For instance, there is little gain 
in protecting an overmature old growth stand from insect attack only to see it blown down the 
following year by heavy winds. Nor is there any point in protecting a recently afforested or 
reforested area if the net greenhouse effect of all gases released in producing, transporting, and 
applying the insecticide exceeds the net greenhouse effect of the additional sequestration gained 
through protection. 
 
Protection may also be feasible in conjunction with harvesting. Where harvest rotation lengths 
exceed the length of the natural disturbance cycle, whether the agent be fire or insect, carbon 
storage is enhanced by suppressing the disturbances and letting the forest reach the older ages at 
which it is harvested (Price et al. 1997). Ideally, the economic gains of the harvest alone would 
justify the expense of protection. A possible additional benefit is that some wood products have 
very long life-spans and thus further slow the release of carbon back to the atmosphere. 
 
The encouragement of suitably pre-adapted non-host tree species in some selected areas is 
another option. This may involve aerial seeding or other means of planting on a large scale. 
Genetic improvement of the stock may also be cost-effective. An unresolved issue is the trade-
off implicit in any approach, be it large-scale planting or protection from insects and fire, which 
uses fossil fuels. Any short-term increase in the sequestration of atmospheric carbon by the forest 
comes at a cost of additional carbon imported into the modern biospheric system for the long 
term.  
 
In summary, insect population suppression is potentially useful for particular species in select 
areas under certain circumstances to protect stored carbon. The vast scales at which some insect 
disturbance regimes operate, however, are liable to overwhelm any efforts to manage or alter 
their course. 
 

2.3.2.6 Research Directions 
 
A number of key information gaps also limit confidence in forecasts of how insect disturbance 
regimes in particular will respond to climatic change in Canada’s forests, and what the 
consequences of this response will be (Fleming 2000, Volney and Hirsch 2005). These include 
the effect of insect outbreaks in a climate change environment on: (a) other disturbance regimes 
(i.e., those involving different insects or altogether different agents, such as fire), and the 
reciprocal effects, (b) post-disturbance successional pathways and tree growth and carbon 
sequestration rates, (c) the rates of net forest decomposition, respiration, and carbon transfer 
among the soil carbon pools. An ongoing challenge will be to scale-up the innumerable effects of 
increased CO2 and temperature on the physiology and ecology of individual insects at various 
stages of their lifecycle, first to the level of insect population dynamics, and then beyond that to 
the even larger scales of disturbance regimes.  
 
The ability of forest insects to adjust their life history traits quickly in response to a change in 
climate needs more attention. Genetic changes driven by quantitative selection on populations 
can affect the structure and diversity of local species assemblages within roughly 7-70 
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generations. Where hybridization is involved, e.g. among different budworms, substantial change 
can occur within a generation (Volney and Fleming 2007). Since many insects can go through 
seven or more generations a year (and this will probably increase for some insects in a warmer 
climate), it is clear that forest insects can adapt genetically to a change in climate much more 
quickly than their host trees. In addition, the great mobility of many insects allows them to move 
away from an unfavourable climate, although they will need to find suitable host trees in their 
new environment. Specific evidence has been provided above of avenues by which natural 
selection could play a role in the adaptation of MPB, SBW, and gypsy moth in the near future. 
 
Natural selection could also have important, although indirect effects on forest insect disturbance 
regimes. For instance, a complex of disease organisms drive the spruce budworm’s outbreak 
cycle. Since many insect pathogens can have many generations each year, they are subject to the 
forces of natural selection on short time scales. Hence, through changes to the natural enemy 
complex, natural selection could bring about changes to the budworm’s outbreak cycle and 
disturbance regime. 
 
Finally, the poor resolution of global climate models and the uncertainties inherent in their 
performance at regional scales present a major difficulty to acquiring suitable scenarios of how 
future climates will develop. These scenarios will provide the climate input data for the models 
used to forecast future insect and other disturbance regimes. Because the models will probably 
be quite sensitive to variations in these scenarios (for reasons discussed above), it is important to 
improve the realism of these scenarios. 
 
2.3.3 Tree Diseases 
 
Kliejunas et al. (2009) recently published a comprehensive review of climate change and forest 
diseases in western North America. The reader is strongly encouraged to consult this volume for 
detailed discussions of forest diseases and climate change in this region. Here we summarize the 
main points of their review. 
 
There is large uncertainty concerning how forest pathogens will respond to climate change. In 
general, the factors affecting forest pathogens and their relationship to climate change include: 1) 
disease type, 2) host specificity, 3) pathogen aggressiveness, 4) host importance, 5) functional 
uniqueness of host, and 6) phytosociology of host (i.e. competitive interactions with co-occurring 
species). 
 
Several general conclusions  emerged from the review by Kliejunas et al. (2009): 
 
• In a rapidly changing environment, host resistance to pathogens may be overcome more 

rapidly due to accelerated pathogen evolution. 

• Interactions between biotic and abiotic (e.g. drought stress) diseases may represent the most 
important effects of climate change on plant diseases. 

• When combined with climate change, trends in increasing invasions by non-native pathogens 
mean that new epidemics may occur.  
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• Greater overwintering success of pathogens will likely increase disease severity. Because 
temperatures are expected to increase more in winter than in other seasons, this population 
bottleneck may be removed for many pathogens. 

 
Most plant pathogens are strongly influenced by environmental conditions and the condition of 
the host. Climate change will directly affect the pathogen, the host, and the interaction between 
them (see Figure 1 above). Global climate change is ultimately expressed at the microclimatic 
scale which controls the reproduction, dispersal, and infection by many fungal pathogens. Host 
condition is also affected by temperature, moisture, and by variations in their cycles and 
extremes; pathogens may then take advantage of either increased host susceptibility or 
availability. In addition to demographic and epidemiological interactions, hosts and pathogens 
also respond genetically with consequences on community structure and ecosystem function.  
 
The following summarizes the expected implications of climate change for several disease types 
of importance in western North America. 
 
Abiotic Diseases: Drought-stressed trees experience greater damage by pathogens, as shown in 
the recent prairie-wide drought in 2001-2003 (Hogg et al. 2008). A general conclusion is that 
interactions between biotic and abiotic (e.g. moisture stress) diseases may represent the most 
important effects of climate change on plant diseases. 
 
Declines: Forest declines are predicted to increase as stands become less adapted to prevailing 
conditions; see section above on maladaptation. 
 
Canker Diseases: Very few stem canker and dieback pathogens attack vigorous trees. Climate 
change will result in more water/drought-stressed trees and, therefore, more outbreaks or disease 
epidemics will be associated with canker pathogens.   
 
Root Diseases: Hot and dry conditions (e.g., prolonged drought) are expected to increase 
incidence and spread of root diseases in forests. However, it is difficult to specifically predict 
how climate change will affect diverse root diseases under various projected climate scenarios. 
 
Phytophthoras: Recent climate change modeling efforts in Europe indicate that increases in 
winter temperatures of 0.5 to 1.5°C allow for increased survival of Phytophthora cinnamomi 
propagules, resulting in increased impacts from P. cinnamomi. Future climate scenarios for 
Canada generally project greater warming in winter (Lemmen et al. 2008) so that results similar 
to those found in Europe may also occur here. 
 
Foliar Diseases: The majority of foliar diseases are likely to benefit from climate change as a 
result of their increased activity in the spring and summer where warmer temperatures and 
increased moisture are expected and reduced winter mortality allows populations to increase. 
 
Rusts: Although spread and intensification of many rust fungi are favoured within narrow limits 
of high moisture and cool temperature, their complex life cycle provides a long-term survival 
strategy for years with favourable conditions and for adaptation to a rapidly changing 
environment. 
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Mistletoes: The genus of mistletoes common to the western region (dwarf mistletoe 
Arceuthobium spp.) can infect otherwise healthy host trees. When severe, infection can induce 
stress and predispose hosts to serious damage in combination with other biotic agents and 
drought. Mistletoe reproduction is often limited by cold temperatures, so warming could allow 
for geographic range expansion. For example, Brandt et al. (2004) found that temperatures below 
-38 °C prevented germination of Arceuthobium americanum seeds. Johnston et al. (2008) have 
shown that near Prince Albert SK, a region heavily infested with dwarf mistletoe, the frequency 
of days with minimum temperatures of less than -38 °C have declined substantially since the 
1960s. 
 
Wood Decays: Decay of wood in both living trees and ‘dead’ trees is intimately dependent on 
moisture and temperature regimes and thus could be heavily impacted by future climate change. 
 
Kliejunas et al. (2009) provide the following general conclusions: 
 

• Climate change will alter forest ecosystems primarily by its affect on the frequency, 
intensity, duration and timing of disturbance factors, including fire, drought, introduced 
species, insect and pathogen outbreaks, hurricanes, windstorms, ice storms, or landslides. 
Although significant as stress factors, pathogens will probably play a lesser role than 
other disturbances such as fire and drought in some ecosystems. However, agents such as 
pathogens may ultimately have a greater impact—by causing selective mortality of 
susceptible hosts—on forest ecosystems than the initial stress or disturbance. 

• Disease risk assessment developed previously for invasive and emergent diseases can 
provide a framework for organizing and presenting information on forest disease–climate 
change interactions. Components include assessments for environmental suitability, 
dispersal potential, and impacts/effects. Comprehensive assessment depends on an 
adequately supported and responsive infrastructure that includes research, stakeholders, 
and decision-makers at various agencies and levels. 

• The most likely impact of climate change on forest pathogens will be felt in three areas: 
in losses from plant diseases, in the geographical distribution of plant diseases, and in the 
efficacy of disease management strategies. Climate change could have positive, negative, 
or no impact on individual plant diseases. Changes will occur in the type, amount and 
relative importance of pathogens and diseases. Currently, insufficient information is 
available to quantify these effects.  

 
More research is needed to obtain fundamental understanding on different disease systems and 
supporting various potential mitigations. The research agenda should include for hosts and 
pathogens: 1) estimation and monitoring of distributions, 2) biogeographical and hazard 
modeling, 3) community interactions and ecosystem reactions, 4) dispersal, and 5) genetic 
diversity.  
 
Climate change may cause a surpassing of an environmental threshold, resulting in irreversible 
changes to ecosystems. Ecosystems may be able to withstand individual stresses, but multiple 
stresses occurring together could seriously impact forest health and sustainability. Forests on 
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marginal sites may deteriorate if climatic change makes conditions less conducive to host 
survival.  
 
Plant pathologists have a critical role in providing input to other disciplines and various publics 
on the effects of climate change on forest ecosystems. Pathologists are uniquely trained to 
understand host–pathogen–environment interactions as integrated systems. They need to actively 
provide information on, and the importance of, those interactions to other disciplines working on 
effects of predicted climate change and how to deal with them.  
 
Modeling efforts would benefit from active networking among multiple disciplines working 
across scales from genomes to ecosystems. Pathologists need to especially work with modellers, 
to provide information on the interactions of various disturbance factors in forest ecosystem 
dynamics, to help insure that these factors are incorporated into models. Although the 
complexity of host–pathogen interactions with climate change may be difficult to model, 
pathologists need to provide information so the synergistic impacts of climate change and other 
environmental stresses are considered in models.  
 
Managers and policymakers will need input and guidance from pathologists, in the form of 
viable management alternatives, in order to guide decisions on management as expected climate 
change occurs. Because managing climate change and forest ecosystems are complex problems, 
multiple conceptual approaches and rational policies are required. Pathologists can begin now to 
formulate ways for adapting to climate change and forest disturbance by maintaining forest 
ecosystem diversity and resilience. 
 
The review by Kliejunas et al. (2009) applies to forests of western North America. Several recent 
reviews have been also been published dealing with eastern North America. In this section we 
have extracted the main points from reports by Boland et al. (2003) for Ontario and Dukes et al. 
(2009) for the eastern US and Canada. 
 
As in western North America, the expectation for Ontario is that the interactions that occur 
between biotic and abiotic diseases may represent the most important effects of climate change 
on plant diseases (Boland et al. 2003). Interactions of biotic and abiotic factors can cause 
susceptible species to deteriorate gradually, often resulting in plant death. Such diseases are 
referred to as decline diseases and primarily affect forest tree species but can also affect other 
perennial woody species in agriculture and horticulture. 
 
Boland et al. suggest that management of plant diseases will be affected by anticipated changes 
in climate. The research priorities of plant breeding programs may have to adapt to increased 
duration of growing seasons and to focus on developing drought and stress tolerance in crops and 
commercial forest species. Some drought-prone areas used for commercial agriculture and 
forestry may have to be abandoned. Changes in climate may allow new species and cultivars to 
be introduced and grown in Ontario, but effective systems must be in place to prevent new 
pathogens from accompanying these new crops. Due to the long-lived nature of trees, forests are 
slow to adapt, and forest management plans will need to consider the impacts of climate change 
and how forest management can reduce the vulnerability of forest stands, e.g. through removing 
susceptible trees and managing stand density to reduce conditions likely to encourage disease. 
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Table 6 summarizes the relationship between climate change and the main tree diseases in 
Ontario. In general, factors encouraging diseases are warmer, drier conditions, increased 
overwintering of inoculum, trees under stress from drought or other factors, and increased 
survival of insect vectors. In a few cases (blister rust, scleroderris canker, larch canker, conifer-
aspen rust), warmer and drier conditions discourage development of the disease. 
 
Dukes et al. (2009) provide a review of insect pests and diseases and their response to climate 
change in eastern North America, with an emphasis on how basic ecological principles can be 
used to predict pest species response to climate change. In addition to listing a wide variety of 
current diseases of north-eastern forests, they highlight the same concern as Klienjunas et al. 
(2009), i.e. the difficulty of predicting how pathogens will respond to climate change. Dukes et 
al. suggest that the direct effects of climate change on pathogens are: increased growth and 
reproduction, altered propagule dissemination and transmission rates and changes in overwinter 
survival. Indirect effects include host nutrient status, distribution and life history of insect or 
other vectors, the distribution of alternate hosts, maladaptation of host species and the creation of 
novel community assemblages. They also stress the importance of multiple interacting factors in 
determining susceptibility to pathogens. For example, rust fungi may be encouraged by more 
intense precipitation events which create moist foliar surfaces for establishment and are also 
encouraged by higher humidity. Mechanical damage from lightning or windthrow can provide 
entry points for disease organisms. 
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Table 6. Tree diseases in Ontario and estimated effect of climate change. For Pathogen 
Group: F = fungus; N = nematode; PL = parasitic plant. Note that oak wilt does not yet 
occur in Ontario but may easily spread from wide-spread locations in the US. Modified 
from Boland et al. 2003. 
 
Tree/Disease Pathogen (Group) Estimated effect 

for the disease 
(+/-) 

Pine   
Armillaria (affects all tree 
species) 

Armillaria spp (F) + 

Blister rust Cronartium ribicola (F) - 
Blue stain Ophiostoma spp (F) + 
Diplodia tip blight Sphaeropsis sapinea (F) + 
Fomes root rot Heterobasidium annosum (F) ++ 
Scleroderris canker Gremmeniella abietina (F) - 
Pine wood nematode Bursaphelenchus xylophilus (N) + 
Dwarf mistletoe Arceothobium americanum (PL) + 

Spruce   
Tomentosus root rot Inonotus tomentosus (F) + 

Larch   
Larch canker Lachnellula willkommii (F) - 

Poplar   
conifer-aspen rust Melampsora medusae (F) - 
hypoxylon canker Entoleuca mammata (F) + 

Oak   
Oak wilt Ceratocystus fagacearum (F) + 

Beech   
Beech bark  Nectria coccinea (F) + 

Elm   
Dutch elm disease Ophiostoma ulmi (F) + 

Forest Declines   
Ash  ++ 
Maple  ++ 
Oak  ++ 
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3.0 MANAGEMENT OPTIONS FOR ADAPTATION 
 
The preceding sections describe the main sources of vulnerability for Canadian tree species. This 
section provides some preliminary suggestions for forest management options that may enhance 
the ability of the forest sector to adapt to the species-level impacts of climate change. In the 
following we present a general approach to adaptation planning. We then address assisted 
migration and related policy issues in some detail, as there has been more research in this area 
than most others with respect to species-level analyses of climate change impacts and adaptation. 
We also discuss silvicultural options that may confer adaptive capacity, and other suggestions 
that are still in the realm of untested ideas. It must be kept in mind that the scientific 
understanding required to implement these options varies considerably among tree species and 
regions. For example, there have been extensive analyses of lodgepole pine provenance data in 
BC which might allow some degree of assisted migration to occur now. For the most part this 
level of understanding is absent for other species and areas of the country. 
 
Woods (2009) provides a conceptual model that links climate change impacts, forest stand 
growth, and economic benefits of timber harvest (Figure 4).  
 

 
 
Figure 4. Conceptual linkages among  climate change and free-growing standards, stand growth and economic benefits 
from timber harvest (from Woods 2009). 

Starting at the bottom of Figure 4, the final harvest volume (and hence revenues) are a function 
of how climate change (and other factors) have affected growth through the rotation. Revenues, 
in turn are re-invested in reforestation. Regeneration can be significantly affected by climate 
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change and the likelihood of it reaching free-growing. In early stand development the ability to 
reach free-growing is affected by climate change, which in turn will determine the future 
development of the stand and the final volume at harvest. This will again determine revenues 
available for reforestation, etc. In this way it is clear that climate change affects not only the 
stand throughout its rotation but also in the longer term as it determines management options and 
economic benefits, part of which will fund good forest management and silviculture. 
 
3.1 Adaptation Planning 
 
In Figure 5 we provide a general approach to planning adaptation actions. We begin with the 
assumption that the overriding goal of forest management is to achieve Sustainable Forest 
Management as defined by the CCFM Criteria and Indicators of Sustainable Forest Management 
(Canadian Council of Forest Ministers 2003). The process begins by carrying out a vulnerability 
assessment with respect to the SFM objectives as described in Section 1. If adaptation is 
determined to be necessary (highly likely under future climate scenarios), adaptation options, 
strategies or portfolios are identified and implemented. Monitoring is carried out to determine the 
success of the adaptation actions, in which the primary question is whether the adaptation 
increase the ability to deliver SFM under climate change. The results of implementing the 
adaptation options are screened with respect to the SFM Criteria and Indicators as defined by the 
CCFM (Canadian Council of Forest Ministers 2003). 
 
If SFM is achieved by implementing the adaptation options, monitoring and feedback is 
continued. If not, two choices are available. If the policy or technical options are available, 
adaptation can be expanded or modified and the implementation step repeated. If adaptation 
options are limited, or if adaptation is not sufficient to cope with extreme climate impacts, the 
SFM objectives may have to be modified so that realistic outcomes are possible.
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Figure 5. An approach to climate change adaptation planning in the context of Sustainable Forest Management. 
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3.2 Assisted Migration 
 
The inability of migration or adaptation to occur rapidly enough in response to climate change 
was described previously. This suggests that some form of assisted migration will be required in 
order for species to continue to grow under conditions to which they are adapted. The key 
question for assisted migration is: which is the best population to establish in each planting site 
in order to anticipate the changing climate? Analysis of provenance test data is beginning to 
provide an answer for some species.  
 
Provenance tests are based on planting seed from a variety of populations (provenances) at a 
number of test sites that sample the range of conditions across a species’ geographic distribution. 
Most or all provenances are planted at all test sites to assess the performance of each provenance 
under a range of climatic conditions. Observations from provenance tests in the past several 
decades have shown that variation is often large and often associated with adaptation to cold and 
drought, e.g., growth phenology, cold hardiness, winter desiccation (Rehfeldt et al. 1999). 
Provenances moved northward are often damaged by cold while provenances moved southward 
often grow slower than local provenances because they are adapted to lower temperatures and a 
shorter growing season or they are damaged by insects or disease (Rehfeldt et al. 2001).  
 
One of the largest provenance tests in the world is the Illingworth provenance test for lodgepole 
pine undertaken by the BC Ministry of Forests and Range. In this trial, 140 provenances were 
planted at 62 sites across BC. The provenances ranged from southern California (34°N latitude) 
to central Yukon (64°N latitude). The test sites are located in interior BC and at two sites in the 
Yukon, encompassing 12 degrees of latitude, 21 degrees of longitude and 1220 m of elevation 
(O'Neill et al. 2007).  
 
Data from provenance tests can be used in several ways. Transfer functions relate the growth of 
provenances to geographical or climatic distance they were transferred to at the test site. Impacts 
resulting from climate change are interpreted as the productivity difference between a local 
provenance (i.e. zero transfer distance) and the transferred provenances. Alternatively, growth 
response functions characterize growth of an individual provenance as a function of the climate 
across the range of test sites in which it was grown. More recently, an approach called the 
Universal Transfer Function has been developed in which both ecological factors (the test site 
climate) and genetic factors (population adaptation) are combined (O'Neill et al. 2008b). This 
allows forest productivity in current and future climates to be predicted for any provenance in 
any location as a function of the regional climate at the planning site and the climate of the 
provenance. 
 
These approaches have been applied to a range of species across the country including lodgepole 
pine in BC; white spruce, black spruce and tamarack in Alberta; and jack pine and white spruce 
in Québec and Ontario (see Table 7 for a more complete list). This work provides some 
indication of how species will respond to climate in the future at a range of locations and will 
provide a guide for redefining seed transfer guidelines in terms of climatic factors for both 
current and future conditions. However, it must be kept in mind that for the most part these 
provenance tests were established several decades ago to identify sources of superior germplasm; 
consequently, the range of provenance or test site climates sampled in older provenance tests is 
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often insufficient to develop reliable transfer or response functions. In addition, there is still a 
dearth of information available for the majority of Canada’s commercial tree species. As a result, 
these data have a number of limitations (Rehfeldt et al. 2001, Aitken et al. 2008): 
 

• No ability to test enriched CO2 effects: in addition to changes in climate, the future will 
bring higher concentrations of atmospheric CO2. This has been shown experimentally to 
be important in determining tree growth rates and other ecological processes but is not 
addressed in provenance tests. 

• Lack of extreme test sites: most of the existing provenance tests were not designed to 
sample the complete range of climatic conditions under which a species might grow. If 
future climate brings relatively extreme conditions, current provenance test data do not 
represent these conditions. 

• Lack of populations from across species range: many tests only include data from 
populations in the central portion of the species range. If species may migrate north, data 
representing these outlying populations could be important but are not represented. 

• Bypassing important early stages of selection in seed germination and seedling 
establishment: most provenance tests are established in nursery-type environments where 
seedlings are raised in artificial conditions and do not experience selection processes 
related to soils and topography, insects, diseases and intra- and interspecific competition 
that would occur in a wild stand environment.  

• Establishing new provenance tests is expensive and will take at least a few decades to 
bear useful results. 

 
Even in cases where provenance test data are adequate, there is a more general concern related to 
the length of a tree’s life span. Managers wishing to undertake assisted migration will be faced 
with a trade-off: the climate distance that populations or species are migrated will have to be 
small enough to allow for good survival at establishment, but large enough to ensure good 
adaptation toward the end of the rotation when mean annual increment is maximum. O’Neill et 
al. (2008a) suggest that to account for future climate change, planting populations best adapted to 
the climate expected at a site at 1/3 of the rotation (i.e., approximately 0.5 °C warmer than 
present) will achieve the best balance of tree volume growth and survival. This is because tree 
volume growth is greatest among populations adapted to end-of-rotation climates when mean 
annual volume increment is greatest, and survival is highest in populations adapted to early 
rotation climates when trees are most sensitive to stress.  
 
In addition, assuming that populations were locally adapted to climates in the last 3-10 tree 
generations, and that migration and adaptation have been negligible during recent climate change 
(i.e., in the last 100 years), it will be necessary to further migrate populations to account for 
recent climate change. In BC, this distance is estimated at 1.0 to 1.6 °C mean annual temperature 
(O’Neill et al. 2008a). Therefore, total migration distances of 1.5 to 2.1 °C are recommended for 
BC, and comparable distances could be expected for the rest of Canada.  
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Other concerns include the effects on biodiversity if exotic species are included in assisted 
migration, and the fact that large uncertainties exist concerning the extent and pace of climate 
change and the interactions between climatic change and the influence of local site conditions. 
 
Table 7. Summary of main Canadian literature on species and transfer functions 
 
Species Reference 
Lodgepole pine Rehfeldt et al. 1999, 2001, (Wang et al. 

2006), (Monserud et al. 2008), (O'Neill 
et al. 2007, O'Neill et al. 2008b), 
(Rweyongeza et al. 2007a) 

White spruce (Li et al. 1997), (Andalo et al. 2005), (Beaulieu 
and Rainville 2005), (Rweyongeza et al. 
2007b) 

Black spruce (Beaulieu et al. 2004), (Thomson et al. 2009) 
Jack pine (Savva et al. 2007), (Thomson and Parker 

2008), (Rweyongeza et al. 2007a) 
Douglas-fir St Clair and Howe 2007, (Flower and Murdock 

2009)  
Western larch (Rehfeldt and Jaquish 2010) 
 
Aitken2 has suggested that there are three types of assisted migration, each associated with a 
different level of risk, where risk refers to the likelihood of species becoming invasive or being 
planted in a non-suitable location. Assisted population expansion refers to moving populations 
within the current species range to improve productivity and health as the climate changes. Since 
species remain within or close to their historic ranges, risk is considered to be low. For example, 
St. Clair and Howe (2007) recommend assisted population expansion for Douglas-fir in the 
Pacific Northwest US.  
 

  Assisted population expansion Lower Risk 
 
 
 

Higher Risk 

  Assisted range expansion 

  Translocation of exotics 
 
Assisted range expansion involves expansion of northern, inland or elevation limits of a species 
for reforestation. This involves moving populations to locations near the current species’ 
distribution and where the climate in the near future is expected to be suitable for growth of the 
species. Provenance data are less helpful in this option because they do not generally include 
plantings outside of species historical ranges. In this case other species will already be 
                                                 
2 Dr. Sally N. Aitken, Department of Forest Sciences, University of British Columbia, personal communication, July 
2009. 
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established in the new location and will compete to some extent with the introduced populations 
(Rehfeldt et al. 2001). In addition, it requires a sophisticated understanding of how species 
climatic envelopes will change, which currently is at an early stage for most species (McKenney 
et al. 2007). However, if sufficient data are available, this would allow the species to track its 
climate niche as the climate changes. An example of this concept is the change in seed transfer 
zones now under discussion by several jurisdictions. The BC Ministry of Forests and Range 
modified its seed transfer guidelines effective April 1 2009. Seed can now be transferred 100-
200 m higher in elevation depending on the species and seed source. This change in provincial 
policy was based on analysis in which the current and future climate envelopes for most 
commercial species were calculated and related to the province’s seed transfer zones. For details 
see O’Neill et al. (2008a).  
 
The riskiest option for assisted migration is translocation of exotics, which entails moving a 
species far outside its current distribution to a location in which it has not occurred in the past, 
e.g. to a new continent. While the new species may be adapted to conditions expected to occur in 
the future at the new location, the understanding of how climatic conditions will change in the 
future is highly uncertain, especially at the scale of individual stands where reforestation 
decisions will be applied (O'Neill et al. 2008a). In addition, exotic species may become invasive, 
and are likely to bring along associated pests and diseases which may react differently (i.e. 
higher virulence, population outbreaks) in the new location (Rehfeldt et al. 2001). 
 
Some conservation biologists are strongly opposed to the translocation option except in the case 
where the invasiveness and pest issues are well understood; they point out that this is generally 
not the case for most tree species. Ricciardi and Simberloff (2009) represent the extreme 
perspective on the inadvisability of assisted migration of exotics. Their primary concern is that 
scientists do not have a sufficient understanding of the impacts of species translocations. They 
state:  
 

“Even if preceded by careful risk assessment, such action is likely to produce 
myriad unintended and unpredictable consequences.  … [T]he impacts of 
introduced species vary over time and space under the influence of local 
environmental variables, interspecific interactions and evolutionary change.  
(Ricciardi and Simberloff 2009, p. 248).  

 
McLachlan et al. (2007) provide a simple framework for guiding the discussion on the 
introduction of exotics. They suggest three policy options: 1) Aggressive Assisted Migration, 2) 
Avoidance of Assisted Migration and 3) Constrained Assisted Migration. The options can be 
assessed using three criteria: confidence in ecological understanding, perceived risk of assisted 
migration and perceived risk of no assisted migration. Option 1 is focused on conservation of 
species faced with highly probable extinction under climate change, in particular those that have 
particularly high ecological or economic value. Advocates of this option feel that the risks of 
inaction are manageable and the ecological understanding is sufficient to take action. Option 2 
arises from a perceived lack of data on the ecological consequences of establishing exotics and a 
preference for facilitating the spread of natural populations instead, similar to the first two lower-
risk options identified by Aitken. Proponents of this option must also accept the risk of species 
extinction should the low-risk strategies fail (McLachlan et al. 2007). An intermediate position is 
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represented by Option 3. The main assumption in this option is that some degree of assisted 
migration is necessary to preserve biodiversity, notwithstanding the risks involved. 
 
Richardson et al. (2009) build on the discussion in McLachlan et al. (2007) and provide a more 
sophisticated framework for evaluating managed relocation (= assisted migration) opportunities. 
They suggest there are four impacts associated with managed relocation (MR): 1) Focal Impact, 
the impact on the species to be translocated and its community from climate change and 
exacerbating effects of MR; 2) Collateral Impact, the effect of the exotic species in the recipient 
region; 3) Feasibility, the constraints on or opportunities for MR; 4) Acceptability; the societal 
willingness to pursue MR. These authors argue that due to the many interacting and values-based 
considerations involved, a more inclusive approach is required in decisions about MR. They go 
on to show that various groups of stakeholders can reach quite different conclusions regarding 
MR, even when all are using the criteria listed above. Richardson et al. (2009) conclude by 
suggesting that this approach will help decision-makers to capture the uncertainty in the 
evaluation criteria, create transparency in the evaluation process, and recognize the inherent 
tradeoffs that different stakeholders bring to evaluation of MR and its alternatives. 
 
Hoegh-Guldberg et al. (2008) provide a decision pathway for determining whether to implement 
species translocation. Figure 6 shows their decision tree in which the authors consider such 
factors as the risk of species’ decline or extinction, the technical feasibility of translocation and 
whether the benefits outweigh the social and biological costs. As mentioned previously, for 
many species these data are not yet available. 
 
Thorpe et al. (2006) carried out an analysis of the ecological and policy implications of 
introducing exotic trees for adaptation to climate change in the Canada’s western boreal forest. 
Based on a global review of past introductions, they found the most important problem with 
exotic forestry species is invasiveness. These species tend to be rapidly-growing, prolific seeders 
and can overwhelm local populations, e.g. by forming dense canopies which prevent native 
species from regenerating. Thorpe et al. (2006) considered a number of species: lodgepole pine, 
ponderosa pine, Douglas-fir, red pine, Scots pine, Siberian larch and hybrid poplar. They 
concluded that the future climate would be too dry for red pine and too warm for lodgepole pine. 
Ponderosa pine and Douglas-fir were considered to be likely candidates for establishment in the 
western portion of the prairies as long as moisture was not limiting. Their review of invasive 
behaviour indicated that the relative risk of invasiveness was lodgepole pine>Scots 
pine>Douglas-fir>ponderosa pine>red pine. Thorpe et al. (2006) recognized the need for 
biological assessment, benefit/risk analysis, and controlled field trials prior to widespread 
introduction of exotics. However, they note that most governments do not have strong policies 
against the introduction of exotic species. 
 
Thorpe et al. (2006) also consider some of the philosophical issues related to existing concepts of 
“naturalness” and ecological communities. They suggest that the new ecosystems that result 
from climate change can be expected to be different from those that exist now, and probably 
different from those seen previously. The idea of protecting representative examples of natural 
ecosystems may become meaningless, and may need to be replaced by a focus on maintaining 
resilience, diversity and connectivity. Climate change may require abandoning the “hands-off” 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 Figure 6. Decision pathway for implementing species translocation (modified from Hoegh-Guldberg et al. 2008). 
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management approach and assisting the movement of species to newly suitable habitats. The key 
question then becomes not whether species is exotic, but whether it contributes to biodiversity 
preservation, or causes problems because of invasiveness. Thorpe et al. (2006) recommend that 
limited planting trials, with appropriate monitoring and evaluation, should precede widespread 
planting. In the case of species and situations where widespread planting has already happened, a 
comprehensive assessment should still take place. Plantation planning guidelines should be 
developed to reduce risks associated with planting exotic species, and governments should 
review their current policy on exotic trees and develop new policy to address exotic species 
issues. 
 
Tools are being developed to assist forest managers in making decisions about movement of seed 
to facilitate assisted migration. McKenney et al. (1999) have developed a software tool called 
“Seedwhere” to support decisions on moving plant material across environmental gradients. 
Seedwhere is a pun on the word “software”, and is designed to help forest managers answer the 
question "Where can I move seed"? The model maps climate similarity across large geographic 
regions using the Gower similarity metric. A web-based version is in development which will 
allow users to access several North America-wide climate models and investigate the similarity 
of current climate to projected future climates. The climate models are approximately 10 km in 
resolution, although higher resolution models are possible. While not a panacea, the Seedwhere 
tool provides an intuitive approach to visualizing how far forest managers might risk moving 
seed or other plant material away from its maternal climate in the absence of detailed population 
genetics work. The types of questions this might be addressed by Seedwhere include: 
 

• How similar are the environmental conditions at a seed collection site to other areas? 

• How similar are the environmental conditions at a regeneration area to potential seed 
collection sites? 

• How similar are the environmental conditions at a regeneration area to seed already in 
storage? 

• How similar are the environmental conditions at areas where seed lots have been 
collected? 

• Where are the environmental conditions similar to a particular seedlot source? 

• How similar are the environmental conditions between two particular sites? 

• How similar are the environmental conditions between two particular seedlots that have 
already been collected? 
 

3.3 Silviculture: Regeneration, Stand Management, Landscape-level Management and 
 Planning 
 
Assisted migration has received perhaps the greatest attention as a species-level adaptation 
option. This is due to the renewed interest in revisiting provenance test data and the development 
of transfer functions that allow a quantitative assessment of how genetic material can be moved 
in anticipation of climate change (O'Neill et al. 2008b). In the following we discuss a range of 
additional adaptation options for forest managers. Many of these are based on theoretical 
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arguments of modeling studies and lack verification from field testing. Much of the discussion is 
based on a workshop held by the Taskforce on Adapting Forests to Climate Change in Portland 
OR in November 2008 titled “Managing Climate Change Risk in Forests: How Can We Use 
Silviculture and Genetics to Minimize Potential Problems?”. In particular we summarize material 
presented by G. Howe and B. St. Clair (presentation titled “Genetic Options for Adapting Forests 
to Climate Change”) and by P. Anderson and D. Chmura (presentation titled “Silvicultural 
Approaches for Adapting Forests to Climate Change”). All presentation are available on-line at 
http://tafcc.forestry.oregonstate.edu/workshop_presentations.html. 
 
3.3.1 Regeneration 
 
As a preliminary step toward large-scale assisted migration, managers could begin to mix seed 
from warmer locations with current seedlots, e.g. as suggested by St. Clair and Howe (2007) for 
Douglas-fir in the US Pacific Northwest. However, analyses would be required such as the 
development of climate-based seed transfer zones and perhaps climate envelop modeling using 
approaches similar to McKenney et al. (2007) or O’Neill et al. (2008a). This also highlights the 
need for well-documented seed sources and providing a legacy of information and tracking data 
for future forest managers. Related to this is to use data on genotype characteristics to match 
seedlots to site conditions. This would pay benefits under current conditions and the expertise 
gained could be used to then extend the genotype-site matching analyses to future site 
conditions. An example of this kind of work currently underway is the Tree Species Selection 
Tool (TSS) being developed by the BC MOFR (see 
http://www.for.gov.bc.ca/hfp/silviculture/TSS.htm for further detail). The TSS is based on the 
following questions regarding selection of tree species for reforestation: 
 
• What are the ecologically suitable species and potentially suitable species choices in the 

context of climate change and increased management complexity? 

• What is needed to inform species selection decision-making for forest management plans; 

• What information do practitioners need to make tree species selection decisions at the stand-
level and to understand desired outcomes over time, i.e. cumulative effects at the landscape-
level? 

 
The TSS will be a decision-support tool that combines information on species ecological 
characteristics with up-to-date understanding on how site conditions will change under future 
climate scenarios. For a given ecological unit, it will include information on environmental 
conditions, forest health, genetics and management objectives; this will be used to provide 
recommendations on species to be used in reforestation. 
 
Several authors have recommended increasing species diversity in reforestation as a general 
“insurance policy” for coping with climate change (Spittlehouse and Stewart 2003, Spittlehouse 
2005, Ogden and Innes 2007). While this may provide a wider range of options for maintaining 
productivity under future climate, careful screening and climate envelope analyses would need to 
accompany such a decision. 
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Breeding improved planting stock for future conditions, e.g. drought tolerance, insect and disease 
resistance has also been recommended by several authors (Spittlehouse 2005, Ogden and Innes 
2007). However, traditonal breeding is slow and expensive and may not be able to produce 
appropriate genotypes quickly enough given the expected pace of climate change. More recent 
techniques based on clonal forestry approaches may be better suited to a rapidly changing 
environment, but gaining the required social license for this technology will likely be a 
constraint. 
 
A constraint to “climate-proofing” the managed forest landscape is the relatively small area 
affected by forest management. While approaches such as assisted migration hold much promise 
for adapting the forest to climate change, the ability to affect large areas of forest is limited by 
the relatively small footprint of forest management. According to the National Forestry Database 
Program, slightly more than 1 million hectares per year were harvested annually between 1990 
and 2007, and about 43% of this area was planted, or 430,000 ha. According to the National 
Forest Sinks Committee, managed forest land that contributes to the Annual Allowable Cut is 
197 million ha. This suggests that implementing assisted migration through planting could be 
applied on about 0.2% of the forest annually. At this rate of planting it would require about 460 
years to reforest the managed forest land base, not including forest land that lies outside of the 
currently managed area. While this is an admittedly simplistic analysis, it points out the large 
disparity between the size of the forest land base in Canada and the ability of forest management 
to affect a significant portion.  
 
The area burned annually by forest fires averaged 2.3 million ha during 1990-2007, and several 
authors have suggest that this could double or triple by the end of the century (Flannigan et al. 
2005, Balshi et al. 2009). Ogden and Innes (2007) suggest that forest managers could use large 
disturbance events as an opportunity to establish better-adapted populations, given that this 
represents a much greater level of disturbance that harvesting. However, managers would need to 
make sure that they have reforestation plans available before fires occur, e.g. ensure seed supply 
of appropriate provenance is available. This could allow relatively rapid deployment of better-
adapted genotypes over large areas, as well as ensuring that the site is occupied soon after 
disturbance. Of course this will be constrained by the level of resources available for 
reforestation, which in turn will be affected by market conditions and other economic factors. 
 
Establishing a small number of tree species and provenances adapted to future climates near the 
existing natural forest may increase the resilience of the forest landscape. As recommended by 
Thorpe et al. (2006), experimental plantings of new populations and species could be carried out 
where proper biodiversity screening has occurred. This would begin to form a database of 
species response to climate change under experimental conditions, including careful monitoring. 
Potentially useful species could be identified, and this would also provide an opportunity to 
collect relevant physiological data to improve our scientific understanding of biological 
adaptation. Assuming these trials are successful, small populations of genotypes adapted to 
future climates could be established near native forests to facilitate pollination and seed 
dispersal, i.e. ‘genetic outposts’ (Ogden and Innes 2007). Careful documentation of treatments, 
seed sources, and outplanting locations will be increasingly important in order to learn from both 
failures and successes of such efforts (Thorpe et al. 2006). 
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3.3.2 Stand Management 
 
Spittlehouse and Stewart (2003) and others have suggested thinning stands to maximize efficient 
use of water, light, nutrients and reduce susceptibility to insects and disease. As an illustration of 
the potential for reduction in water use, Papadopol (2001) reports data from a thinning 
experiment in a 46-year old red pine plantation (Pinus resinosa Ait.) on sandy soils near Sault 
Ste. Marie, ON. Soil water content was measured at the beginning and end of a 26-day dry 
period in a stand that had been heavily thinned (HT) and in an unthinned control (UC). In the 0-
30 cm soil layer, available soil water was reduced by 56% in HT as compared to a reduction of in 
87% in UC. A similar, but milder, effect occurred in the 31-150 cm soil layer, with reductions of 
36% and 43% for treatments HT and UC, respectively. The more pronounced reduction in layer 
1 is most likely due to the superficial rooting habit of red pine. Thinning will only be a realistic 
option in cases where growth rates and economic conditions justify the additional cost and effort. 
However, as part of a general strategy to increase the health and resilience of forest stands 
thinning may have a role in some locations. 
 
Making an appreciable change in the population structure of the forest estate in Canada is 
severely constrained by the long life times of most tree species. One step that might reduce this 
constraint is adopt shorter rotation ages and replant with more robust genotypes in an effort to 
hasten forest adaptation to future conditions (Ogden and Innes 2007). As with the other options 
mentioned, such a change will have to be economically viable and may be applied more readily 
in environments with faster growth rates. Alternatively, technology that can make use of smaller-
diameter material might assist in adopting shorter rotation ages. However, the impacts of 
reducing rotation ages on the landscape-level carbon balance must also be considered (Kurz et al. 
1998). 
 
3.3.3 Landscape-level Management and Planning 
 
A common recommendation from  the forest genetics community is to avoid forest 
fragmentation and maintain corridors that facilitate migration (i.e. gene flow), e.g. Aitken at al. 
(2008). This in turn calls for a more landscape-level view of harvest planning and infrastructure 
layout (e.g. roads). For example Rempel et al. (2007) use advanced spatial modeling techniques 
to determine the optimal configuration of forest management activities over decade time-scales 
in order to provide maximum habitat retention for 13 species of songbirds. Similar analyses 
could be combined with climate model simulations and forest ecosystem models to project the 
best forest management practices that would reduce forest fragmentation and provide habitat for 
gene flow at the landscape level. 
 
Forest management at the species level can reduce landscape-scale fire risk. Changing species 
composition from high flammability conifers to lower flammability hardwood species and using 
this approach to break up contiguous blocks of highly flammable fuel types (i.e. FireSmart 
planning) can reduce the likelihood of fire ignition and spread (Volney and Hirsch 2005). 
Similarly, establishing low flammability species near forest communities can reduce the risk of 
fire and damage to human settlements. 
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Species will respond individualistically to climate change. We should expect species to move 
independently across the landscape, forming new communities not seen previously (McKenney 
et al. 2007). Therefore, a management objective that stresses conservation of exiting 
communities is likely to fail. Instead, a focus on maintaining ecosystem functions (e.g. 
productivity, biodiversity, nutrient cycling, etc.) rather than current ecosystems is more likely to 
be successful. As part of this approach, ex situ conservation of endangered species will become 
more important, since without artificial regeneration, genetic options are limited (Chourmouzis 
et al. 2009).  
 
Forest productivity will change in complex ways as climate change occurs. There is some 
potential for increased productivity due to warmer temperatures and the CO2 fertilization effect, 
e.g. Norby et al. (2005). However, research has shown that if other resources are limiting (e.g. 
water, nutrients), the potential for increased growth may not be realized (Oren et al. 2001). As 
our understanding of these effects increases, managers may need to focus forest management 
activities on currently productive sites and those likely to remain more productive under future 
climates, and reduce efforts on poor sites (Johnston and Williamson 2005). The ultimate 
expression of this approach is to adopt some form of the TRIAD approach for forest 
management (Nitschke and Innes 2008). In this approach the forest management land base is 
divided into portions devoted to intensive timber production, extensive multiple use management 
and protected areas. This may offer forest managers the opportunity to focus more effort on a 
smaller land base for timber production, allowing climate change impacts to proceed on 
protected areas and the extensively managed forest land base  (Ogden and Innes 2007). 
 
Many forest companies across North America are seeking to certify their forest management 
practices under one of several certification systems (e.g. Canadian Standards Association, 
Sustainable Forest Initiative, Forest Stewardship Council). Recently both CSA and SFI have 
included general recommendations in their standards for companies to include climate change 
considerations in forest management plans, research activities and communication plans. See 
CSA (2008) and SFI (2010) for details. 
 

3.3.3.1 Adaptive Capacity 
 
The ability of tree species to adapt has a biological component (e.g. migration and adaptation as 
described previously) as well as a human component (i.e. forest management) (Johnston et al. 
2010). While the understanding of climate change vulnerability and potential adaptation options 
is rapidly increasing, there is still a deficit of adaptive capacity among forest managers and forest 
management institutions. Adaptive capacity can be enhanced by: 
  

• sharing adaptation best practices across jurisdictions;  

• incorporate knowledge of species vulnerability in decision-making on reforestation and 
silviculture;  

• encourage changes in society’s expectations towards future forest values and benefits so 
that they include tree species vulnerability to climate change;  

• develop technology to make use of different wood quality and tree species composition;  
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• reduce reliance on historical observations and plot measurements to predict what will 
happen in the future; and  

• develop reliable species- and stand-level process models for predictions of future growth 
and yield. 

 
A comprehensive assessment of the adaptive capacity of the Canadian forest sector will be a 
major focus of Phase 2 of the CCFM climate change project. 
 
4.0 RESEARCH NEEDS 
 
Given the large amount of variability in Canada’s forest landscape, and our relatively limited 
understanding of the impacts of climate change on forests, the potential scope of research needs 
is nearly unlimited. Here we provide a more focused list of suggested research needs based on 
the preceding discussion on tree species vulnerability.  
 
4.1 Adapted Genetic Material 
 
Of the management options presented in the literature and summarized above, assisted migration 
and related activities is the most recurrent and seems to be one of the most promising areas for 
climate change adaptation. However, it is clear in reviewing the literature that there is a great 
deal known about a few species (e.g. lodgepole pine, Douglas-fir), limited data on several 
species and virtually nothing known about the majority of Canada’s 93 commercial tree species. 
The most valuable source of information on how populations are adapted to variations in climate 
come from provenance tests (O'Neill et al. 2008b). This leads to three important research needs: 
first, that provenance tests for more commercial species need to be established, specifically so 
that they sample the full range of climates currently occupied by the species and with some 
plantings in areas that may lie outside of the species current range. They should also include 
source populations that currently lie to the south of the existing range (e.g. northern USA). 
However, to be effective, this would require an expensive, interprovincial and international 
undertaking and will require at least two decades to yield useful data. Therefore, the second 
research need is to undertake analyses (or re-analyses) of existing provenance tests and 
interpreting these data in light of potential climate change. 
 
The third research need is related to the relatively small footprint of forest management in 
Canada. Implementation of assisted migration is most easily achieved when forest plantations are 
being established. However, the amount of planted each year is a small fraction of Canada’s 
forested area. Further, much of Canada’s forests are not managed for timber production, and 
therefore, are left to naturally regenerate. To ensure that adapted genotypes are present across the 
Canada’s forested landscapes, it will be necessary to devise and implement systems of assisted 
migration for areas not managed for timber production (Aitken et al. 2008). This will first require 
population genetics research to identify effective deployment strategies (i.e., the size, frequency 
and genetic composition of ‘genetic outposts’). 
 
Related research includes developing a better understanding of the role of genetic variation in 
climatic tolerances of tree species. Deployment of better-adapted genetic material will require 
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the development of climate-based seed transfer zones and mechanisms to ensure that the best 
adapted seed sources are used in reforestation. Experimental plantings of better adapted 
populations and perhaps species could be established under careful control and monitoring 
following a comprehensive biodiversity assessment. 
 
4.2 Tree Physiology 
 
Improved information on tree physiology can increase managers’ ability to better match species 
characteristics to site conditions, e.g. drought tolerance, frost tolerance etc. Physiological 
thresholds to changes in temperature, moisture CO2 etc. should be identified. In particular, 
research is required to better understand the effects of higher atmospheric levels of CO2 on tree 
species. The potential effects include fertilization (through enhanced photosynthesis) and 
increased water use efficiency. Both of these mechanisms provide the possibility of increased 
adaptive capacity for tree species, but the scientific understanding of how they will function in 
the “real world” of forests stands is lacking. There is an expectation that good sites may improve 
and bad sites get worse in the future; if so, thinking about reallocating management efforts could 
begin now. We need more research on how phenology will change with climate change and 
variability, and its implications for pests and diseases. Research on how climate change will 
affect seedling growth and survival following planting is essential for other strategies such as 
assisted migration to succeed.  
 
4.3 Insects and Disease 
 
It seems that diseases are more poorly understood than insects with respect to potential effects of 
climate change. However, in both cases we require further information on the complex relations 
between host, insect (vector) and disease organisms. Climate-related physiology of insects, 
phenological changes in both host and insect, and how environmental change affects disease 
establishment are all required. 
 
4.4 Fire 
 
Using the Vital Attributes approach described by Rowe (Rowe 1983), managers can now begin 
to assess the likely impacts of fire at the species level, and how this may determine post-fire 
successional pathways under climate change. The BORFIRE  described in de Groot et al. (2003) 
provides one approach for these analyses. 
 
4.5 Silviculture 
 
We need better information on how silvicultural interventions (e.g. thinning) may provide a 
short-term strategy for assisting existing stands to cope with the immediate effects of climate 
change until better adapted genetic material is deployed. Economic analyses will be an essential 
component o this work. 
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4.6 Genetic Diversification 
 
Increasing genetic diversity on the landscape may help buffer some of the impacts of climate 
change and the uncertainty present in all climate and genetic models, by increasing the 
probability that plantations contain a threshold proportion of adapted species and populations. 
Genetic diversification could be achieved by planting a wider range of species and populations of 
species than is currently planted. However, much remains to be learned before this strategy can 
be implemented effectively. Field trials and forest growth modelling research could contribute 
greatly to help identify suitable species compositions for uncertain future climates. 
 
Further work on species distribution modeling is required. While newer climate envelope 
modeling approaches are yield interesting and valuable results, e.g. McKenney et al. (2007), 
these models do not account for increased CO2 levels and other factors important to seedling 
establishing and growth under climate change. The next generation of dynamic global vegetation 
models offers a more comprehensive analytical approach but can be difficult to parameterize and 
require significant computing resources. Further development of both of these approaches is 
essential for a better understanding of Canada’s tree species vulnerability. 
 
5.0 CONCLUSIONS 
 
Canada’s commercial tree species are vulnerable to a variety of climate change impacts. At the 
species level, maladaptation and disturbance are the most important factors causing this 
vulnerability. Species occurring at the southern or xeric edge of their range may be particularly 
vulnerable due the combined effects of climate change impacts and lack of genetic potential for 
adaptation. Areas of particular concern in this regard are the forest-grassland boundary in the 
Prairie Provinces, and portions of the southern interior of BC. A critical need to address this 
issue is further work in analyzing provenance test data, and establishing new provenance tests 
designed to determine the genetic basis of forest productivity-climate relationships. Forest 
managers can use the index of species vulnerability recently developed by CFS researchers to 
identify which species may be particularly vulnerable based on genetic and life-history attributes. 
 
Disturbance regimes are likely to change in the future. Species life-history attributes can be used 
to develop a general sense of how the species will respond to changes in fire regimes. The 
impacts of climate change on insects and disease are not well understood, but indications are that 
warming will generally be beneficial to insects and have varying influences on disease 
organisms. The occurrence of invading species from warmer climates will likely increase. The 
de-coupling of insect and host phenology will result in new host-insect relationships that are 
difficult to predict. Similarly, complex disease-vector-host relationships will change in ways that 
cannot be predicted at this time. In general, good SFM practices that maintain forests in a healthy 
and productive condition is the best long-term strategy given the uncertainty in future conditions. 
Management options for assessing vulnerability and identifying adaptation options need to 
become part of day-to-day activities, i.e. mainstreamed into forest operations and planning. A 
framework for guiding managers on these activities is in production by the CCFM’s Climate 
Change Task Force.  
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Assisted migration has been identified as an action that, for some species, can be considered 
now. Where adequate provenance data exist, transfer functions can be developed and seed 
transfer policy changed accordingly, as was done for some species in BC in 2009. However, the 
deployment of better adapted genetic material is constrained by the relatively low level of 
harvesting as a proportion of the total forest area in Canada. Managers may consider using large-
scale disturbance events (e.g. fires) as windows of opportunity for introducing better adapted 
genotypes on the landscape. Assisted migration is still controversial among some groups within 
the forest sector, and a broad social consensus on using this tool will need to be developed before 
it can be applied widely. 
 
Some options exist in silvicultural operations, including increasing intra- and inter-species 
diversity in reforestation, thinning high value stands at risk from moisture stress and scheduling 
harvest operations to target susceptible stands before they are attacked by insects or disease. 
Climate change considerations can be incorporated into forest management plans as has been 
done in a few cases in the past decade. The most recent versions of the CSA and SFI standards 
for SFM provide guidance on including climate change in planning, communications and 
research activities. 
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