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 combinations of phenotypic plasticity, geno-
typic variation and physiological thresholds 
yield a broad range of conditions under 
which adults emerge synchronously, and 
thus can mass attack trees. Th ere is likewise 
strong evidence that severe drought reduces 
tree defences against attack. Drought stress 
can occur through lower precipitation and/
or higher temperatures that reduce soil 
moisture and/or raise vapour pressure defi -
cit. We also delineate three categories of 
range modifi cations: increased and more 
persistent establishment in areas where 
trees experienced only intermittent expo-
sure historically; establishment in areas 
dominated by host species but where local 
populations experienced little or no pres-
sure historically; and movement into new 
areas containing susceptible species that 
have not been exposed previously. Each of 
these has been documented for bark beetles. 
Trees in areas that experienced minor or no 
exposure generally had lower defences than 
their more historically exposed counter-
parts. However, there can be lags in beetle 
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 warming in some habitats. Moreover, 
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behavioural responses. In some cases, more 
heterogeneous forest structure, more abun-
dant local predators and competitors and 
low host nutritional quality could poten-
tially lessen risk in new habitats. Direct 
comparative studies are needed to evaluate 
outbreak potentials following range expan-
sions driven by climate warming.

10.1 Introduction

Understanding how bark beetles respond 
to  changing temperature and precipitation 
regimes can be particularly useful for several 
reasons. First, these insects inhabit both 
natural and managed ecosystems and exert 
both environmental costs and benefi ts. Sec-
ond, bark beetles include several historically 
eruptive species that undergo natural out-
breaks, thereby providing opportunities to 
evaluate both potential changes in historical 
outbreak dynamics and novel dynamics in 
new habitats. Th ird, their behaviours can 
exert positive feedbacks on population 
dynamics at organismal and stand levels 
that translate into non-linear dynamics at 
higher levels. Th is is particularly relevant to 
our understanding and projections of cli-
mate-driven tipping points. Fourth, these 
insects aff ect fundamental ecological pro-
cesses and exert major infl uences on the 
landscapes in which they reside. Fifth, bark 
beetles have close symbiotic associations 
with fungi and bacteria, as well as 
strong  antagonistic interactions with some 
microbes. Each of these microorganisms 
undergoes its own responses to temperature 
and moisture conditions, so understanding 
these systems can improve our ability to 
project how species complexes and commu-
nities will react to climate change. Sixth, 
 several bark beetle species are already show-
ing both altered outbreak dynamics within 
their historical ranges and expanded geo-
graphic and host ranges, in response to 
changing climate. Th is allows us to incorpo-
rate both mechanistic and empirical model-
ling approaches into future projections. 
Here, we integrate existing knowledge on 
bark beetles in North American conifer 

forests with projected temperature and 
 precipitation regimes, to assess how these 
systems may respond to climate change.

10.2 Ecology and Population 
Dynamics of Bark Beetles: The 

Template on which Responses to 
Anthropogenic Change Occur

10.2.1 Ecological roles and generalized 
life history of bark beetles

Bark beetles (Curculionidae: Scolytinae) 
contain a high diversity of life histories, 
host-plant associations, geographic ranges, 
ecological roles and symbiotic relationships. 
Most species cause little to no negative eco-
nomic impacts, and provide environmental 
benefi ts such as nutrient cycling, gap forma-
tion and nutrition for wildlife. Th e over-
whelming majority of species in native 
systems are associated with dead or dying 
trees, or dead tissues of live trees (Lindgren 
and Raff a, 2013). A much smaller propor-
tion can sometimes kill trees. Populations of 
a small subset of tree-killing species inter-
mittently rise to suffi  ciently high levels to 
both cause socio-economic losses and func-
tion as landscape-scale disturbance agents. 
Th e tree-killing and outbreaking species are 
almost entirely colonizers of the main stems 
of conifers, primarily in the genera Den-
droctonus, Ips and Scolytus. We focus primar-
ily on these groups in North American 
conifers.

Bark beetles spend most of their lives in 
host plants. Adults emerge from the trees in 
which they developed, fl y, land in response 
to visual and olfactory stimuli, and use host 
chemical and tactile cues to determine 
whether to enter a tree or resume fl ight. 
Th ey tunnel through the bark into the 
phloem and produce aggregation phero-
mones that attract both mates and addi-
tional members of the same sex. Th ese 
pheromones are complex mixtures and are 
closely linked to tree physiology. Many spe-
cies exploit host monoterpenes as precur-
sors and/or synergists of their pheromones 
(Wood, 1982). Females construct galleries 
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along which they oviposit, and the larvae 
feed on phloem and fungi. Th e brood pupate, 
undergo a brief teneral adult stage and 
emerge as adults. Because bark beetles and 
their microbial associates develop in tissues 
critical to plant nutrient and water trans-
port, successful development typically 
results in tree death. Th is has two important 
ramifi cations to their population dynamics. 
First, the mortality they cause has placed 
strong selective pressures on trees to evolve 
complex, multi-component defence sys-
tems. Second, the tree is usually an available 
resource for only one beetle generation, so 
each cohort must locate and colonize new 
trees. Generation times vary with species, 
latitude and weather, ranging from multiple 
generations per year in Dendroctonus fronta-
lis Zimmermann to one generation every 
several years in Dendroctonus ponderosae 
Hopkins at its range limits. Within a given 
locale, and across latitudes, a single species 
can exhibit plasticity in temperature- 
dependent voltinism (Hansen et  al., 2001; 
Bentz et al., 2011).

Bark beetles are closely associated with 
a broad range of microorganisms. Typically, 
one or two ophiostomatoid fungi are associ-
ated with each beetle species. Th eir roles 
vary among systems. Some fungi benefi t lar-
val nutrition (Bleiker and Six, 2007), others 
are antagonistic and some have context-
dependent relationships (Klepzig et  al., 
2009). Some fungi appear capable of killing 
trees or degrading host toxins (Lee et  al., 
2006; Diguistini et al., 2011; Hammerbacher 
et al., 2013), but the extent to which they do 
so is under debate (Lieutier et al., 2009; Six 
and Wingfi eld, 2011). Th e composition of 
fungal associates can vary with temperature 
(Six, 2003; Addison et al., 2013), beetle pop-
ulation phase (Aukema et  al., 2005) and 
other factors. Bacteria (Brand et  al., 1975; 
Scott et  al., 2008; Morales-Jimenez et  al., 
2012; Boone et al., 2013) and yeasts (Davis 
and Hofstetter, 2011) may likewise contrib-
ute to nutritional exploitation of the sub-
strate, reduction of chemical defences, 
protection from antagonists and possibly 
pheromone synthesis. Bacteria vary among 
bark beetle species, hosts and populations 
(Adams et al., 2010, 2013a).

10.2.2 Population dynamics

Populations of tree-killing bark beetles 
undergo dramatic fl uctuations. Within a 
given region, abundances remain low and 
relatively stable for lengthy periods, varying 
with minor changes in resource availability, 
weather and predisposing biotic agents. 
During these periods, beetles are limited to 
highly stressed trees, which pose relatively 
little resistance but are ephemeral in space 
and time, often provide relatively low nutri-
tional value and are available to many com-
peting species (Safranyik and Carroll, 2006). 
Under certain conditions, however, popula-
tions rise suddenly, spread over large areas 
and kill enormous numbers of previously 
healthy trees.

In systems with such bimodal behav-
iour, understanding how populations can 
transform from a state dominated by nega-
tive feedback to one of net positive feedback 
can suggest how changing climate may 
alter dynamics. Four major components are 
important for bark beetles (Fig. 10.1) (Raff a 
et  al., 2008). First, a stand must have the 
appropriate host species and age structure. 
Most tree-killing bark beetles are confi ned 
to one or sometimes two tree genera. Bee-
tles are further limited to mature trees that 
are large enough to support broods within 
their phloem. Stands that have low species 
and age diversity, are dense and are old are 
more likely to experience outbreaks (Saf-
ranyik and Carroll, 2006).

Second, conifers are equipped with 
multi-component integrated defences that 
can resist attack by beetle–microbial com-
plexes, but these are highly sensitive to envi-
ronmental stress. Conifer defences include 
physical features such as bark toughness and 
resin fl ow (Raff a and Berryman, 1983; Kane 
and Kolb, 2010), histological defences such 
as autonecrosis and traumatic duct forma-
tion (Franceschi et al., 2005; Schmidt et al., 
2011), and chemical defences such as mono-
terpenes, diterpene acids, phenylpropanoids 
and phenolics (Klepzig et  al., 1996; Kelsey 
et al., 2001; Faccoli and Schlyter, 2007; Man-
ning and Reid, 2013). Th ese modalities are 
highly integrated. For example, resin acts as 
both a physical barrier and a matrix of 
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toxins, structures such as resin ducts and 
glands provide conduits for delivering allelo-
chemicals, and autonecrosis confronts bee-
tles with physical suberization, localized 
toxin accumulation and nutrient starvation. 
Both physical and chemical defences can be 
constitutive or induced (Franceschi et  al., 
2005). Induced resinosis can inhibit attrac-
tion to pheromones produced by entering 
beetles (Erbilgin et al., 2006). Induced chem-
ical responses include increasing concentra-
tions from tolerable to toxic levels, changing 
relative abundances, often with dispropor-
tionately high biosynthesis of the more toxic 
compounds, and producing new compounds 
not detectable in constitutive tissue (Huber 
et  al., 2004; Raff a et  al., 2005; Keeling and 
Bohlmann, 2006). A wide variety of biotic 
and abiotic stresses have been shown to 
reduce tree defences and increase the inci-
dence of attack (Lombardero et  al., 2000b; 
Boone et al., 2011; Hart et al., 2014).

Th ird, temperature both imposes severe 
limitations on beetles’ geographic ranges 
and is an important driver of their abun-
dance (Trân et al., 2007; Powell and Bentz, 
2009). Temperature infl uences voltinism, 
within-generation synchrony and seasonal-
ity, and ultimately survival. Interactions 
between temperature and developmental 

parameters can be particularly critical in 
some tree-killing bark beetles because syn-
chronous emergence can foster their ability 
to overcome tree defences jointly (Bentz 
et al., 1991).

Fourth, predators and competitors play 
important roles. Predators, such as wood-
peckers, beetles and fl ies can exert high 
mortality (Schroeder and Weslien, 1994; 
Turchin et  al., 1999). Several parasitic 
insects attack bark beetles, but they typi-
cally cause less mortality than to other her-
bivore guilds, due to protection by bark. 
Competitors often exert high costs on beetle 
reproduction (Reeve et  al., 1998). Th e pre-
dominant competitors are other bark bee-
tles and wood borers, often those that 
specialize on dead or highly stressed trees. 
Competition can arise from moderately 
aggressive species exploiting a common 
stressed-tree resource, or from a diverse 
guild of saprophages exploiting trees killed 
by primary bark beetles. Alongside these 
trophic interactions, particular assemblages 
of symbionts can strongly infl uence beetle 
reproduction (Bleiker and Six, 2007; Hof-
stetter et al., 2007).

Several features of the conditions 
required for transition from endemic to 
eruptive dynamics are pertinent to climate 

Susceptible forest structure
(low diversity, dense, mature)

Favourable temperatures

Regionwide source of
weakened defence

or increased population

Escape from predators 
and competitors; growth
of beneficial symbionts

Likelihood of population
transitioning from

endemic to eruptive

Fig. 10.1. Conceptual diagram of non-mutually exclusive climatic, landscape and trophic factors that 
increase individually or jointly the likelihood of bark beetle outbreak. Conditions are typically inadequate 
for beetles to overcome constraints on population growth, and only a narrow set of conditions allows 
populations to pass through an ‘eruptive window’. Beyond this threshold, beetles generate substantial 
positive feedback, and lower-scale constraints commonly exert less effect. Each of the factors shown can 
reduce the corresponding constraint, increasing that portion of the portal. The relative importance of each 
factor in transitioning from endemic to eruptive dynamics varies among systems.
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change. First, the drivers and constraints 
(Fig. 10.1) interact. For example, warming 
temperature can benefi t beetles directly, but 
also infl uences the composition of symbi-
onts (Addison et al., 2013) and stresses trees 
through lower soil moisture and higher 
vapour pressure defi cit. Likewise, the impor-
tance of interspecifi c competition depends 
on population phase; specifi cally, whether 
beetles are restricted to stressed trees or 
extend into healthy trees (Powell et  al., 
2012). Second, these processes operate 
across scales. For example, the effi  cacy of 
individual tree defence is infl uenced by 
higher-scale factors such as forest structure, 
weather and long-distance dispersal of 
attacking beetles (Simard et al., 2012). Th ird, 
once conditions allow populations to rise 
past the eruptive threshold, positive feed-
back can persist even after the eliciting 
driver has been relaxed. Fourth, single driv-
ers are often insuffi  cient to carry popula-
tions past the eruptive threshold, despite 
their individual importance. For example, 
when temperatures in coastal Alaska are 
warm and dry enough for Dendroctonus 
rufi pennis to transition from semivoltine to 
univoltine development, outbreaks become 
likely (Werner and Holsten, 1985; Berg et al., 
2006; Sherriff  et al., 2011). Yet outbreaks are 
rare among the univoltine D. rufi pennis pop-
ulations of interior Alaska and the Great 
Lakes region, probably because of a combi-
nation of dry conditions that favour com-
petitors and cold winters in Alaska and 
forest heterogeneity and natural enemies in 
the Great Lakes region (Haberkern et  al., 
2002; Werner et al., 2006).

When anticipating the eff ects of climate 
change, it is helpful to recognize there are 
precedents for other anthropogenic activi-
ties raising innocuous bark beetle–microbial 
complexes to severe pest status. Th e most 
dramatic cases arose when beetle–fungal 
complexes were introduced by humans into 
areas in which native trees had not co-
evolved and host resistance was lacking 
(Gibbs, 1978; Sun et al., 2013). Other exam-
ples include habitat manipulations that 
yielded more susceptible, homogeneous for-
est structures (Jactel and Brockerhoff , 2007) 
and fragmentation that directly benefi ted 

bark beetles or reduced prey tracking by 
predators (Coulson et  al., 1999; Ryall and 
Fahrig, 2005).

10.3 Effects of Climate Change 
on the Frequency and Severity of 

Outbreaks

Attributing unusually large outbreaks to 
human-caused climate change requires 
 several conditions. First, temperature and 
 precipitation changes need to be related to 
human activities, which is well established 
in many analyses (IPCC, 2007; Barnett et al., 
2008). Second, the frequency and severity of 
outbreaks need to be correlated with cli-
matic changes, which has been shown both 
within historical ranges (Berg et  al., 2006; 
Logan and Powell, 2009; Sherriff  et al., 2011; 
Creeden et  al., 2014), and northward and 
elevational expansions (Carroll et al., 2004; 
Logan et  al., 2010; Sambaraju et  al., 2012; 
Weed et al., 2013) by several species. Th ird, 
association of outbreaks with climatic 
 variables is most compelling when it can be 
linked mechanistically to processes known 
to aff ect insect development, behaviour and 
reproduction. Th e direct and indirect eff ects 
of temperature (Section 10.3.1) and drought 
(Section 10.3.2) on multiple features of bark 
beetle performance are quite pronounced, 
and are becoming increasingly understood.

10.3.1 Effects of temperature on bark 
beetle synchronicity, seasonality and 

survival

Temperature is a signifi cant driver of bark 
beetle life history traits that promote syn-
chrony of vulnerable life stages with appro-
priate seasons (i.e. seasonality) and tolerance 
of adverse environmental conditions. For 
those species that require coordinated 
attacks to overcome tree defences, tempera-
ture can further infl uence population suc-
cess through the synchronous emergence of 
adults (Logan and Bentz, 1999). Many phys-
iological processes throughout multiple life 
stages can infl uence synchrony, seasonality 
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and survival (Table 10.1), including: (i) ther-
mal thresholds and rates of development; 
(ii) diapause; and (iii) cold hardening. 
Because these temperature-dependent traits 
are shaped by natural selection to provide 
optimal fi tness in a given environment, they 
vary among and within species that are dis-
tributed across large climatic ranges. Cli-
mate change will directly infl uence bark 
beetle populations through these traits.

Developmental thresholds and rates

Low and high thresholds bound the thermal 
range for insect development and are impor-
tant factors in population survival and 
growth that vary among and within species 
(Deutsch et  al., 2008). Examining low and 
high temperature thresholds is complicated, 
however, by non-linearities that infl uence 
survival at temperature extremes (Régnière 
et  al., 2012). Low thermal thresholds for 
development can be important population 
synchronizing factors when they diff er 
among life stages, particularly in species that 
live in cool habitats (Bentz et  al., 1991). 
When development in older life stages (i.e. 
prepupae) only occurs at high temperatures, 
yet development in younger life stages (i.e. 
eggs and early instars) can occur at low tem-
peratures, development is halted in older 
individuals while continuing in younger ones 
as temperatures cool. Later-hatching indi-
viduals can ‘catch up’ with those oviposited 
fi rst, promoting synchronization of life 
stages across a population (Bentz et  al., 
1991). High thermal thresholds for develop-
ment and temperatures that result in the 
fastest development are also important, yet 
unknown for most bark beetle species. Opti-
mal development rates are between 27 and 
30°C for D. frontalis (Wagner et  al., 1983), 
and near 28°C for Dendroctonus simplex 
(McKee and Aukema, 2015a), yet D. pondero-
sae development declines above 25°C (Rég-
nière et al., 2012). A rise in development rate 
with increasing temperature up to some 
maximum, followed by a rapid decline, is 
 common in insects, and has important impli-
cations for population response in a warm-
ing climate. Species already living at or near 
their thermal maximum (i.e. small ‘thermal 

safety margin’) may be more impacted by cli-
mate warming as temperatures exceed opti-
mal thresholds, especially those with sharp 
declines in development rate at tempera-
tures above the optimum. Populations in 
cooler environments typically have thermal 
optima higher than their current environ-
ment (i.e. large ‘thermal safety margin’) rela-
tive to populations in warmer environments 
(Deutsch et al., 2008), and therefore initially 
respond positively to warming tempera-
tures. For example, at many cool, high- 
elevation sites, recent temperature increases 
remain in the thermal range of increasing 
development rate for D. ponderosae, resulting 
in a decrease in generation time. At warm, 
low-elevation sites, however, historical tem-
peratures were already at or near the thresh-
old for optimal development and increased 
warming has had little eff ect on generation 
time (Bentz et al., 2014).

Although warming temperatures can 
shorten the generation time of some indi-
viduals (Werner and Holsten, 1985; Hansen 
et  al., 2001; Bentz et  al., 2014), evolved 
development rates and thresholds limit 
where and how fast this occurs. For example, 
although D. ponderosae may complete a gen-
eration in a single summer when tempera-
tures are warm and attacks occur early 
(DeLeon et al., 1934; Bentz et al., 2014), few 
adults are typically present in early summer, 
and development rates and thresholds limit 
the capacity to produce a second generation 
across winter (Bentz and Powell, 2014). Th e 
complexity of bark beetle temperature-
dependent physiology that has evolved to 
promote population success across varying 
environments complicates predictions of 
response to future climatic conditions. 
New  thermal regimes in some habitats 
may  reduce outbreaks of some species, yet 
changes in other habitats may favour them. 
A detailed understanding of development 
rates, thresholds and diapause will be 
required to make useful predictions.

Diapause

Diapause is the most common strategy 
by  which insects gain protection from 
 regular periods of adverse environmental 
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Table 10.1. Temperature-dependent life history parameters that can infl uence response to climate change and contribute to phenotypic plasticity and heritable 
variation in bark beetles.

Parameter Defi nition Relationship among bark beetles Ecological signifi cance References

Development rate Rate for completion of a life 
stage

Development rate shows a parabolic 
relationship with temperature, increasing 
from Tmin to Topt, then dropping rapidly to 
Tmax. Can vary among life stages within 
a species and among species

Infl uences seasonality and voltinism 1, 9, 12, 15, 
18, 22, 23

Optimal 
developmental 
threshold Topt

Temperature at which insects 
experience most rapid 
development

Varies among species Populations currently living in environments that are 
on average cooler than their Topt can respond to 
climate warming with increased development and 
potentially decreased generation time

1, 9, 15, 18, 
22, 23

Maximum 
developmental 
threshold Tmax

Temperature above which 
development ceases

Varies among species Populations living in warm environments may 
approach Tmax faster with climate warming than 
those in cool environments 

1, 9, 15, 18, 
22, 23

Minimum 
developmental 
threshold Tmin

Lowest temperature at which 
development continues

Often higher in later life stages than early 
life stages

Differences among life stages can promote 
seasonality and adult emergence synchrony

1, 9, 15, 18, 
23

Diapause, 
facultative

Dormancy elicited by 
environmental cues

Prepupal and adult dormancies in many 
species 

Promotes seasonality and dictates the number of 
generations per year. Increased probability of being 
averted with climate warming, resulting in reduced 
generation time

3, 4, 6, 8, 9, 
10, 12, 
13, 16, 21

Diapause, obligate Dormancy that is a requisite 
component of life history

Adult reproductive dormancy in several 
species

Promotes seasonality and synchrony of adult 
emergence

5, 12, 19, 
20

Cold hardening Accumulation of 
cryroprotectant compounds 
to reduce supercooling point 
(SCP), the temperature at 
which mortality occurs 

Freeze intolerance is universal among 
species. SCPs vary seasonally and 
among and within species

Species that overwinter under bark have lower SCPs 
than those that overwinter in soil. SCPs vary 
seasonally in cold relative to warm habitats. Soil 
inhabiting species may be affected negatively by 
reduced snowpack

2, 7, 11, 14, 
17

Notes: 1Bentz et al. (1991); 2Bentz and Mullins (1999); 3Birch (1974); 4Christiansen (1971); 5Clark (1974); 6Doležal and Sehnal (2007); 7Gehrken (1984); 8Gehrken (1985); 9Hansen et al. 
(2001); 10Inward et al. (2012); 11Koštál et al. (2011); 12Langor and Raske (1987); 13Lester and Irwin (2012); 14Lombardero et al. (2000a); 15McKee and Aukema (2015a); 16McKee and 
Aukema (2015b); 17Miller and Werner (1987); 18Régnière et al. (2012); 19Ryan (1959); 20Safranyik et al. (1990); 21Scott and Berryman (1972); 22Wagner et al. (1983); 23Wermelinger and 
Seifert (1998).
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 conditions, and by which individuals are sea-
sonally synchronized (Tauber et  al., 1986). 
Diapause has been demonstrated or sug-
gested to occur in multiple bark beetles, 
although only a small proportion of species 
have been investigated. When diapause is 
induced by specifi c environmental condi-
tions, it is termed facultative. Alternatively, 
obligatory diapause occurs regardless of 
environmental conditions. Facultative or 
obligatory diapause in the adult stage has 
been observed or suggested for eight bark 
beetle species, and a facultative larval/pre-
pupal diapause has been found in three spe-
cies (Table 10.1). Some species, including D. 
rufi pennis, have both an adult and a prepupal 
diapause. Th e obligatory adult reproductive 
diapause provides protection from cold, and 
the larval/prepupal diapause aids in syn-
chronicity and seasonality, and also reduces 
the probability that cold-sensitive pupae are 
not present during winter. Th e facultative 
nature of the prepupal diapause provides 
fl exibility, allowing beetles to shift between 
semivoltinism and univoltinism depending 
on environmental conditions. If oviposition 
occurs during a cool summer, prepupal dia-
pause is elicited and the fi rst winter is spent 
as a prepupa and the second as an adult, 
resulting in a semivoltine life cycle. If condi-
tions are warm during the fi rst summer, the 
prepupal diapause is averted and a uni-
voltine life cycle results. A facultative, rather 
than obligatory, diapause will increase the 
probability of decreased generation time 
when warming associated with climate 
change reduces the occurrence of dormancy 
in the fi rst year.

Cold hardening

Arrested development, either via diapause 
or simple quiescence, does not ensure 
 overwinter survival. Bark beetles rely on 
supercooling for overwintering success. Th e 
capacity to supercool has been found in all 
bark beetle species investigated (Table 10.1), 
and a physiological independence between 
cold hardening and diapause occurs in at 
least some species. As in other insects, cold 
hardening and diapause can, but need not, 
co-occur. Bark beetles are freeze-intolerant, 

meaning they cannot survive ice formation 
within their tissues (Lee, 1991). Super-
cooling to survive subfreezing temperatures 
is accomplished by accumulating antifreeze 
proteins and low molecular weight polyols 
and sugars (Table 10.1). Supercooling points 
(i.e. the temperature at which mortality 
occurs) are often much lower than the 
 temperatures experienced, can be highly 
variable at a given point in time, and are 
higher in southern than in northern popula-
tions, most likely a genetic adaptation to 
local climate (Bentz and Mullins, 1999; 
Lombardero et  al., 2000a). Species that 
inhabit colder areas exhibit seasonality in 
cold-hardening and cryoprotectant accumu-
lation, with the greatest supercooling capac-
ity in winter (Bentz and Mullins, 1999), 
whereas species in warm habitats show little 
seasonal variation in cold-hardening capac-
ity (Lombardero et al., 2000a). Overwinter-
ing behaviour can also play a role in 
seasonality and intensity of supercooling, 
whereby species that typically overwinter 
under the bark have supercooling points 
lower than those of species that overwinter 
in the soil (Table 10.1). Overwintering in the 
soil can also result in a shift in the seasonal-
ity of supercooling, whereby cold-hardiness 
is greatest during autumn when there is a 
lack of snow cover (Lombardero et  al., 
2000a). A diminishing snow pack, which is 
predicted in a changing climate, could 
remove an important thermal buff er for 
many species that overwinter in the soil or 
beneath the bark of trees’ lower stems. In 
general, increasing minimum temperatures 
associated with climate change can release 
populations from the constraint of periodic 
cold temperature extremes (Régnière and 
Bentz, 2007; Preisler et al., 2012; Sambaraju 
et  al., 2012). It is important to note, how-
ever, that winter temperatures are not nec-
essarily a constraint for populations across 
the range of all species (Trân et  al., 2007; 
Weed et  al., 2015). In addition, for some 
 species, continued increases in minimum 
winter temperature could actually be detri-
mental if temperatures warmed to the 
extent that metabolic activity was acceler-
ated and stored resources were depleted 
(Irwin and Lee, 2003).
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Effects of temperature on community 
associates

Temperature also aff ects bark beetles indi-
rectly through impacts on their microbial 
associates. In addition to the microorgan-
isms described above, various species of 
nematodes and mites are commonly pho-
retic on bark beetles (Cardoza et al., 2008). 
Although the impact of temperature on the 
complex web of interactions among bark 
beetle microbial associates is not well 
known, it has been shown that certain 
 ophiostomatoid fungi have diff erent 
temperature- dependent thresholds and 
development rates (Hofstetter et  al., 2007; 
Rice et al., 2008), thereby allowing the bee-
tles to exist across a broad range of environ-
mental conditions. Varying temperatures 
among and within years appears to maintain 
the presence of two important fungal associ-
ates of D. ponderosae (Addison et al., 2013). 
Th e infl uence of climate change on natural 
enemies that have adapted life history strat-
egies, such as diapause, to coincide develop-
mental timing with their prey/hosts (Reeve, 
2000) will also need to be considered.

10.3.2 Effects of drought and temperature 
on conifer physiology, defence and 

detection by beetles

Rising temperatures and regional precipita-
tion decreases will increase drought stress 
on many coniferous forests by increasing 
evaporative demand or vapour pressure 
 defi cit (Williams et al. 2012; Breshears et al., 
2013). During drought, many conifers close 
stomata to prevent extreme negative water 
potentials that cause air emboli in xylem 
cells (i.e. cavitation) and consequently 
reduce sapwood hydraulic conductance 
(Martínez-Vilalta et  al., 2004; Choat et  al., 
2012). Some conifers experience frequent 
occurrence and repair of cavitation in leaves 
and twigs, via mechanisms that remain 
poorly understood (Brodersen and McEl-
rone, 2013). Protection of xylem from 
 cavitation by stomatal closure reduces 
 photosynthesis to near zero during severe 
drought (Plaut et al., 2012; Koepke and Kolb, 

2013), which suggests alteration of tree 
 carbon balance.

Drought impacts on conifer carbon 
 balance are complex. Mild drought typically 
has little impact on non-structural carbohy-
drate (NSC) concentrations (Gruber et  al., 
2011), or can increase concentrations of 
specifi c tissues when carbohydrate use (sink 
strength) is reduced more than the supply 
from photosynthesis (source strength; Sala 
et al., 2012). Th is increase in tissue NSC con-
centration during mild drought increases 
the soil-to-plant water potential gradient, 
and consequently plant water uptake, thus 
serving as a drought resistance mechanism 
(Pallardy, 2008).

In contrast to mild drought, severe pro-
longed droughts often deplete NSC concen-
tration of conifer tissues. Isohydric conifers 
that sharply reduce stomatal conductance to 
prevent cavitation, the ‘wait-it-out strategy’ 
(Mitchell et  al., 2013), are prone to NSC 
depletion and carbon starvation (McDowell 
et  al., 2008). For example, experimental 
severe drought reduced NSC concentration 
of Pinus edulis sapling leaves and branches 
by 30–50% (Adams et al., 2013b; Anderegg 
and Anderegg, 2013), Picea abies sapling 
roots by 85% (Hartmann et al., 2013b) and 
Pinus radiata seedlings by 48% (Mitchell 
et al., 2013). Consistent with carbon starva-
tion, sapwood NSC concentration was 
almost entirely depleted during drought-
induced mortality of mature Pinus sylvestris 
(Galiano et al., 2011). Mechanisms by which 
severe drought reduces conifer NSC concen-
tration are not fully understood, but probably 
involve: long periods of near-zero photosyn-
thesis during continuing tissue respiration; 
canopy defoliation; disruption of starch con-
version to sugar; and impeded carbohydrate 
translocation among tissues (Breshears 
et al., 2009; Sala et al., 2010; Galiano et al., 
2011; Adams et al., 2013b; Hartmann et al., 
2013a). Moreover, rising temperature accel-
erates carbon starvation during drought 
because warming increases the maintenance 
costs of tissue respiration (Zhao et al., 2013).

Resin synthesis depends on NSC supply 
to polyphenolic parenchyma cells in xylem 
and phloem because carbon is the dominant 
elemental component of resin (Franceschi 
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et al., 2005). Stored NSC is used to synthe-
size both constitutive (Gaylord et al., 2013) 
and induced (Guérard et  al., 2007) resin 
defences. Decreases in induced resin fl ow 
during stresses that reduce photosynthesis 
suggest an important role of new carbon 
assimilation for induced defence (Lewinsohn 
et al., 1993; Lombardero et al., 2000b; Wallin 
and Raff a, 2001; Wallin et al., 2003). Mature 
conifers that have survived severe drought 
and associated bark beetle attacks often 
have more abundant or larger xylem resin 
ducts than trees that have died (Kane and 
Kolb, 2010; Gaylord et al., 2013). Th us, cli-
mate changes aff ecting NSC availability 
seem likely to alter conifer resin defence.

Drought has non-linear impacts on 
quantities of conifer resin, consistent with 
the growth diff erentiation balance hypothe-
sis (GDBH). Th e GDBH predicts that moder-
ate water stress increases resin quantity 
because growth is constrained more than 
NSC supply from photosynthesis, thereby 
providing surplus NSC for resin synthesis 
(Herms and Mattson, 1992). In contrast, 
GDBH predicts that severe water stress 
reduces the supply of NSC to all carbon 
sinks, including resin synthesis, due to 
decreased photosynthesis while NSC is 
depleted by tissue respiration. Th e GDBH 
has been supported for mature conifers by 
demonstration of a variable role of drought 
on the resin quantity of Pinus taeda, depend-
ing on the relative impact of drought on 
photosynthesis and within-tree carbon sink 
strength (Dunn and Lorio, 1993; Lorio et al., 
1995; Reeve et al., 1995). Application of the 
GDBH to climate change suggests that 
increased frequency of moderate water 
stress will enhance resin quantity, whereas 
increased frequency of severe water stress, 
as is predicted during climate change for 
many water-limited forests (Vose et  al., 
2012), will reduce resin quantity. Th ese rela-
tionships can be complex, however, because 
in some cases trees respond to drought with 
both reduced growth and increased suscep-
tibility to bark beetles (Rolland and Lem-
periere, 2004). An additional complication is 
that drought can result in less cambial 
growth, so that separate from increasing 
tree susceptibility, drought could reduce the 

food quality for developing beetles in suc-
cessfully attacked trees.

Climate change also may alter resin 
defences indirectly via changes in tree 
growth. Manipulative experiments (Way 
and Oren, 2010) and modelling (Luo et al., 
2008) show that warming and increased pre-
cipitation generally increase tree growth, 
whereas warming and reduced precipitation 
or water availability decrease growth. Ele-
vated atmospheric carbon dioxide concen-
tration increases the growth of young 
conifers via increased photosynthesis 
(Franks et al., 2013) and also increases resin 
quantity for non-suppressed trees by pro-
viding more NSC for resin synthesis (Novick 
et al., 2012). Tree growth and size are related 
positively to both resin fl ow (Davis et  al., 
2012; Westbrook et al., 2013) and tree sur-
vival of some bark beetle attacks (Waring, 
1983; Negrón et  al., 2009). Th us, physical 
resin defence may increase with climate 
warming via faster tree growth in cool mesic 
and boreal forests whose growth is currently 
limited most strongly by low temperature 
(Boisvenue and Running, 2006; Littell et al., 
2010). In contrast, physical resin defence 
likely will decrease with climate warming 
in  xeric forests where intensifi cation of 
drought stress decreases tree growth (Wil-
liams et  al., 2010). Physical resin defence 
may be altered further during climate change 
via increases in air and phloem tempera-
tures that decrease resin viscosity and con-
sequently increase resin volumetric fl ow 
rate from beetle attack wounds (Gaylord 
et al., 2007).

Little is known about how warming and 
drought aff ect the chemical constituents of 
conifer resin defences. Most investigations 
used seedlings rather than larger trees. In 
controlled manipulations, moderate drought 
stress yielded the highest constitutive mono-
terpene cyclase activity in Abies seedlings 
(Lewinsohn et  al., 1993). In contrast, the 
highest induced concentrations in response 
to simulated attack were in well-watered 
seedlings (Lewinsohn et  al., 1993). Experi-
ments on Pinus and Picea seedlings have pro-
duced mixed results, with reports of  both 
small (Lusebrink et al., 2011) and large (Tur-
tola et  al., 2003) changes in monoterpene 
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quantities and composition in response to 
experimentally induced water stress. In one 
of few investigations of mature trees, experi-
mentally induced water stress on P. taeda 
increased concentrations of resin monoter-
penes, especially α- and β-pinene, but 
decreased concentrations of resin acids 
(Hodges and Lorio, 1975). Th is change in 
resin composition was suggested to increase 
beetle detection of stressed trees, promote 
beetle aggregation and reduce tree physical 
defence via reduction in resin viscosity and 
crystallization rate (Hodges and Lorio, 1975).

Warming and increasing drought inten-
sity may infl uence bark beetle detection of 
stressed trees via a change in attraction 
cues. Bark beetles use a combination of 
visual, tactile, auditory, gustatory and olfac-
tory cues to select trees for attack (Raff a and 
Berryman, 1982a; Wood, 1982; Strom et al., 
2001). Tree monoterpenes, volatile organic 
compounds and ethanol are olfactory attrac-
tants for some bark beetles (Kelsey and 
Joseph, 2001; Seybold et  al., 2006; Miller 
and Rabaglia, 2009). Drought stress could 
alter tree quantity and/or composition of 
these attractants (e.g. Manter and Kelsey, 
2008), which in turn could signal tree stress 
to bark beetles.

Cavitation of water in sapwood is 
another potential signal of conifer stress 
that may be altered by climate change-
induced drought. Sapwood cavitation causes 
ultrasonic acoustic emissions that are 
detectable with transducers at the bark sur-
face (Rosner et al., 2006). Some bark beetles 
respond to ultrasonic acoustic waves at fre-
quencies similar to those produced by sap-
wood cavitation during drought (Rudinsky 
and Michael, 1972). Th e hypothesis that 
acoustic emissions from sapwood cavitation 
signal tree stress to bark beetles has not 
been tested adequately.

10.3.3 Effects of temperature and drought 
and their interactions on recent outbreaks

Th ere is substantial empirical evidence for 
climate infl uences on recent bark beetle out-
breaks in North America, particularly D. 

ponderosae, D. rufi pennis, D. frontalis, and Ips 
confusus LeConte. Studies in the USA and 
Canada have relied on aerial surveys from 
forestry agencies, archived records of out-
breaks (e.g. Hebertson and Jenkins, 2008) 
and dendrochronological analyses (e.g. Berg 
et  al., 2006; Campbell et  al., 2007). Ideally, 
studies include variables that represent each 
of the major infl uences of climate discussed 
previously. In practice, a range of climate 
variables has been used, from simple climate 
variables to outputs of climate suitability 
models (e.g. Preisler et al., 2012).

Th e infl uence of climate on bark beetle 
outbreaks has been documented in several 
respects. First, observed range expansion of 
outbreaks has been linked to climate (Sec-
tion 10.4.1). Second, temperature increases 
that provide more favourable conditions for 
the beetles, and drought stress that provides 
more susceptible hosts, have facilitated out-
breaks within historical ranges (Berg et  al., 
2006; Rouault et  al., 2006; Aukema et  al., 
2008; Raff a et  al., 2008). Warmer winters 
and higher year-round temperatures benefi t 
beetles directly and have been identifi ed as 
facilitating outbreaks (Aukema et al., 2008; 
Powell and Bentz, 2009; Marini et al., 2012; 
Preisler et  al., 2012; Creeden et  al., 2014). 
Drought conditions exert stress on host 
trees, reducing their defences and thus facil-
itating outbreaks (Raff a et al., 2008; Creeden 
et al., 2014; Hart et al., 2014). In some cases, 
the eff ect of drought can be spatially explicit, 
such as when drier sites provide the basis for 
initial population increases that can subse-
quently transition into regional outbreaks 
(Kaiser et al., 2014). Th e seasonal timing of 
water stress can also be important (Th om-
son and Shrimpton, 1984; Hebertson and 
Jenkins, 2003; Raff a et  al., 2008; Preisler 
et al., 2012). Populations of non-aggressive 
beetle species are closely tied to drought 
eff ects on host susceptibility during both 
their rising and falling phases (Raff a et  al., 
2008). In contrast, relief from drought does 
not terminate outbreaks of aggressive spe-
cies when populations have exceeded a criti-
cal threshold (Raff a et  al., 2008; Creeden 
et  al., 2014). Th ird, unfavourable tempera-
tures can lead to declines in outbreaking 
populations of aggressive bark beetles. For 
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example, low winter temperatures appear to 
have reduced D. ponderosae populations in 
British Columbia in the 1980s (Safranyik 
and Linton, 1991; Stahl et  al., 2006) and 
early 1930s (Bentz et  al., 2011). Unusually 
low summer temperatures (without low 
winter temperatures) reduced building pop-
ulations of D. ponderosae in Idaho in 1993 
(Logan and Powell, 2009; Creeden et  al., 
2014). Declines of several D. ponderosae out-
breaks did not occur under unfavourable cli-
mate conditions, however, suggesting roles 
of other factors, such as host depletion 
(Creeden et al., 2014).

Th ere are several key areas in which our 
knowledge remains relatively limited. In 
particular, studies of actual beetle popula-
tion responses, rather than just killed trees, 
to climate change would increase the confi -
dence of fi ndings. Th e lack of such observa-
tions over larger spatial extents and/or 
longer periods, and also at the critical fi ne 
scales at which populations fi rst rise, makes 
it diffi  cult to delineate thresholds. Likewise, 
we have little understanding of how climate 
change will infl uence disturbance interac-
tions. For example, anticipated changes in 
temperature and precipitation regimes are 
projected to increase the frequency and 
severity of wildfi res (Westerling et al., 2011). 
By itself, wildfi re injury is unlikely to elicit 
large-scale outbreaks (Hood and Bentz, 
2007; Davis et al., 2012; Powell et al., 2012). 
However, as climatic drivers increasingly 
raise beetle populations and exert region-
wide stress on host trees, the likelihood that 
immediate population increases following 
fi re could transition into outbreaks through 
their combined and interacting eff ects may 
increase.

10.4 Effects of Climate Change on 
Bark Beetle Range Expansion and 

Population Dynamics in New Habitats

When evaluating how relationships between 
plants and herbivores may respond to cli-
matically induced herbivore range shifts, it 
is useful to delineate three general types of 
regime change: (i) increased and more 

persistent establishment in areas where 
host trees historically experienced only 
intermittent exposure (semi-naïve); (ii) 
establishment in areas dominated by a his-
torical host tree species but where local tree 
populations had experienced little or no 
pressure (naïve host); and (iii) movement 
into new areas that contain tree species that 
had not experienced prior exposure and are 
connected via suitable host type to histori-
cally unexposed biomes (naïve novel host). 
It is most useful to base degrees of historical 
interaction and reproductive range on evi-
dence of actual beetle development in hosts, 
as opposed to just sedimentation layers, 
because advective transport can randomly 
deposit large numbers of insects (Jackson 
et al., 2008; de la Giroday et al., 2011) and 
thus generate false positives.

10.4.1 Recent changes in latitudinal, 
elevational and host species ranges of 

bark beetles

To avoid local extinction during rapidly 
changing climate, organisms must migrate 
to more favourable habitats, respond with 
phenotypic plasticity in thermally depen-
dent traits and/or adapt genetically to 
changing conditions (Hoff mann and Sgrò, 
2011). Th e distribution of many tree-killing 
bark beetles is currently limited by climate, 
rather than host trees (Bentz et  al., 2010; 
Weed et  al., 2013), allowing opportunities 
for expansion of outbreak populations with 
warming, particularly to the north (Carroll 
et  al., 2004; Trân et  al., 2007; Cullingham 
et  al., 2011; de la Giroday et  al., 2012). 
Although few studies have been conducted 
on bark beetles, phenotypic plasticity is evi-
dent when beetles are reared in diff erent 
environments, such as thick versus thin 
phloem (Haack et al., 1987), across environ-
ments and diff erent temperatures (Bentz 
et  al., 2011; Bracewell et  al., 2013) and 
among years with diff erent thermal patterns 
(Bentz et  al., 2014). Continued warming, 
however, could exceed the range of plastic 
tolerance for some species and occur faster 
than potential adaptation, even within 
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insects that have relatively short generation 
times. Given suffi  cient time, genetic varia-
tion and strong selection, populations could 
further adapt to novel thermal regimes and 
aff ect outbreak risk (Björkman et al., 2011). 
Th e potential for necessary changes in bark 
beetle species at the genetic level, however, 
is poorly understood.

Two common responses of ectotherms 
to elevated temperature are movement into 
higher elevations and movement into higher 
latitudes (Parmesan, 2006). Bark beetles are 
no exception, and there are well-documented 
examples involving several species (Table 
10.2). Increases in both winter and year-
round temperatures have contributed to 
northward (Carroll et  al., 2004; Trân et  al., 
2007; Safranyik et al., 2010; Sambaraju et al., 
2012) and elevational (Logan and Powell, 
2001; Logan et  al., 2010) movement of D. 
ponderosae, including into forest types that 
have experienced no or infrequent beetle 
activity in the past. Similarly, increasing 
winter minimum temperatures in New 
 Jersey have allowed the persistence of 

 outbreak-level populations of D. frontalis 
(Weed et al., 2013).

10.4.2 Anticipating trophic interactions 
with host trees and natural enemies in 

semi-naïve and naïve habitats

In addition to the direct eff ects of tempera-
ture, a wide range of trophic interactions 
will infl uence the extent to which insect 
populations establish, spread and undergo 
outbreaks in newly or increasingly accessed 
habitats. Th ese drivers include multiple 
components of plant–insect relationships, 
interactions with natural enemies such as 
predators, parasitoids and competitors, and 
mediation of these relationships by beetles’ 
symbionts. Our ability to predict how these 
relationships will aff ect beetle performance 
in changing climate scenarios is poor, but 
our understanding of outbreak dynamics in 
historical ranges (Fig. 10.1) can provide a 
useful framework.

Table 10.2. Range expansions of bark beetles, and population dynamics in new habitats, associated 
with climate change.

Species Region
Shift in latitude, elevation and/or 
host species References

Dendroctonus 
ponderosae

Western North 
America

Upward shift in elevation, 
permitting increased access to 
high-elevation fi ve-needle pines

Logan and Powell (2001); Carroll 
et al. (2004); Hicke et al. (2006); 
Bentz et al. (2010); Logan et al. 
(2010); Raffa et al. (2013)

D. ponderosae Western 
Canada

North and eastward shifts, 
permitting access to jack pine

Cerezke (1995); Jackson et al. 
(2008); Robertson et al. (2009); 
Cudmore et al. (2010); Safranyik 
et al. (2010); Cullingham et al. 
(2011); de la Giroday et al. (2011, 
2012); Sambaraju et al. (2012)

Dendroctonus 
brevicomis

Western USA Modelled future range expansion 
and contraction predictions

Evangelista et al. (2011)

Dendroctonus 
frontalis

Southern USA Northward range expansion Ungerer et al. (1999); Waring et al. 
(2009)

D. frontalis Eastern USA Northern expansion of outbreaks 
in New Jersey pinelands

Weed et al. (2013)

Dendroctonus 
mexicanus

South-western 
USA

Northward range expansion Moser et al. (2005); Waring et al. 
(2009)

Ips pini Western USA Modelled future range expected 
to decrease generally

Evangelista et al. (2011)
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Range responses to climate change have 
been most studied in D. ponderosae, so we 
focus on this system as a case study. Forest 
types in the northern Rocky Mountains 
show strong elevational gradients (Logan 
and Powell, 2001). Middle elevation stands 
are typically dominated by lodgepole pine, 
which transition into non-host species such 
as spruce and fi r, and higher elevations are 
dominated by fi ve-needled pine species such 
as whitebark pine. Over the periods for 
which data are available, most mortality 
caused by D. ponderosae was to lodgepole 
pine, with only intermittent and compara-
tively brief impacts on whitebark pine dur-
ing unusually warm periods (Logan and 
Powell, 2001; Jewett et al., 2011). As unfa-
vourable conditions such as cold tempera-
tures returned, beetle populations either 
declined below detectable levels or became 
locally extirpated (Logan et al., 2010). Dur-
ing recent years, however, continuous high 
temperatures have been accompanied by 
continuous D. ponderosae reproduction and 
high tree mortality in stands dominated by 
fi ve-needled pines (Logan et al., 2010).

In mixed stands that provided equiva-
lent environmental conditions, lodgepole 
pines had higher total concentrations of 
constitutive phloem monoterpenes than 
whitebark pines (Raff a et al., 2013). Diff er-
ences in inducible defences were even 
more  striking. When trees were challenged 
with simulated attack by D. ponderosae– 
Grosmannia clavigera complexes, lodgepole 
pine showed much greater induced bio-
synthesis of monoterpenes. Resin fl ow in 
response to natural attacks was also more 
substantial in lodgepole pines. Th ere were 
also diff erences in the composition of 
phloem chemicals that related to beetle 
 performance. Whitebark pines had higher 
 concentrations of the pheromone precursor 
(Blomquist et al., 2010) (–)-α pinene and the 
pheromone synergist (Miller and Borden, 
2000) myrcene, and lower concentrations of 
the repellent (Sturgeon and Mitton, 1986) 
limonene and lower induced concentrations 
of the pheromone inhibitor 4-allylanisole 
(Emerick et al., 2008) than whitebark pine. 
Collectively, these results suggest that 
whitebark pine is relatively poorly equipped 

to prevent mass attacks from being elicited 
by pioneer beetles, and to resist attacks 
under way. Overall, both the tree defence 
and temperature sides of the portal in Fig. 
10.1 appear to widen with anticipated cli-
mate change, making continued outbreaks 
in high-elevation ecosystems more likely.

Host selection behaviour adds an 
 additional, and complicating, dimension to 
beetle– host relationships. In the above 
mixed stands, beetles entered more lodge-
pole than whitebark pines, despite the lat-
ter’s inferior defences. Th us, there appears 
to be a lag time between increased access to 
a less defended tree and increased behav-
ioural orientation toward it. Although bee-
tles may not prefer whitebark pines, they 
readily accept them. For example, in no-
choice laboratory assays, beetles entered 
both trees equally, and in stands dominated 
by whitebark pine, natural entry rates were 
equivalent. Th ese results resemble fi ndings 
from other systems that delineate the times-
pans and complexity of host switching by 
herbivorous insects (Singer and McBride, 
2010). Presumably, there will be increased 
selection for orientation toward whitebark 
pine if warm temperature regimes persist.

We currently have little information on 
how a third constraint in Fig. 10.1, preda-
tors, competitors and symbionts, compares 
between lodgepole and whitebark pine habi-
tats. Th e little data available suggest that 
predators and competitors may, like the her-
bivore, display lags in their host-searching 
behaviours. Th ese insects fi nd beetle-killed 
trees by exploiting volatile plumes contain-
ing mixtures of bark beetle pheromones and 
tree compounds (Wood, 1982). In the mixed 
stands described above, numbers of the 
major predator and competitor species were 
equivalent in unbaited traps on unattacked 
lodgepole and whitebark pines (Raff a et al., 
2013). However, more of these predators 
and competitors were caught on lodgepole 
than on whitebark pines in which D. ponder-
osae were tunnelling. Additional behavioural 
studies are needed to determine how preva-
lent and persistent this pattern is, and 
whether D. ponderosae attacking whitebark 
pines may experience partial escape from 
natural enemies. In addition, the relative 
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abundances of predators and competitors in 
lodgepole versus whitebark pine stands are 
unknown.

Th e second type of regime change, 
establishment in areas predominantly cov-
ered by the same, but historically unex-
posed, host species (naïve habitats), has also 
been observed with D. ponderosae (Safranyik 
and Carroll, 2006; Safranyik et  al., 2010). 
Large-scale outbreaks in the predominantly 
lodgepole pine forests of southern British 
Columbia have been well documented over 
the past several hundred years. Th e beetle’s 
historical distribution was limited by cold 
temperatures to the north and the geophysi-
cal barrier of the Rocky Mountains to the 
east (Carroll et  al., 2004; Sambaraju et  al., 
2012). More recently, beetles have moved 
farther north, where they have caused 
extensive mortality to lodgepole pines 
( Carroll et al., 2004; Sambaraju et al., 2012). 
Additionally, these high populations pro-
vided the source for windborne eastward 
dispersal in enormous and proably unprece-
dented numbers (Bartell et  al., 2008; Jack-
son et  al., 2008). Beetles recently breached 
the Rocky Mountains in west-central Alberta 
and are now causing high mortality in the 
lodgepole pine forests of western Alberta 
(de la Giroday et al., 2012).

As with increased beetle access to high-
elevation stands, we have little knowledge 
of  trophic interactions in regions recently 
accessed by D. ponderosae. However, the 
available data indicate beetle reproduction is 
higher in historically unexposed than 
exposed lodgepole pine habitats (Cudmore 
et al., 2010). Naïve lodgepole pine appears to 
be both more susceptible and of higher qual-
ity for beetle development (Fig. 10.2). Th is is 
consistent with limited prior selection pres-
sure imposed by D. ponderosae on these 
trees. Furthermore, lodgepole pines in areas 
that did not historically experience beetle 
outbreaks had higher levels of the phero-
mone precursor α-pinene (Clark et al., 2010) 
and lower overall concentrations of induced 
monoterpenes (Clark et  al., 2010, 2014). 
Th is suggests host trees in naïve habitats are 
both more likely to facilitate mass attacks 
and less able to defend themselves. Th us, it 
appears that both the left and lower margins 

of the eruptive window in Fig. 10.1 will be 
more favourable to D. ponderosae in naïve 
lodgepole pine habitats under anticipated 
climate regimes.

Information comparing natural enemy 
and competitor complexes between lodge-
pole pines in historically versus recently 
infested regions is not available. Likewise, 
our knowledge of the microbial associates 
in  historically exposed versus unexposed 
regions is limited. Both the relative abun-
dance of the ophiostomatoid fungi (Rice 
et  al., 2008) and the complex of bacteria 
(Adams et  al., 2013) associated with 
D.   ponderosae–lodgepole pine complexes 

Fig. 10.2. Mean (± SE) number of mountain 
pine beetle offspring per female in relation to the 
density of attacking females determined from 10 
to 12 mass attacked lodgepole pines within each 
of 8 infestations assessed in 2008 near Grande 
Prairie, Alberta, Canada (A.L. Carroll, unpublished 
data). The same relationship for mountain pine 
beetle attacking lodgepole pine within its native 
range (north-eastern Oregon, USA (from Raffa 
and Berryman, 1983)) is shown as a dashed line. 
Lodgepole pines in the naïve zone are both more 
susceptible, evidenced by the peak of the solid line 
occuring much farther to the left than the peak of 
the dashed line, and are also of higher substrate 
quality (phloem thickness, nutrients, symbiont 
activity, etc.), evidenced by any point past the peak 
of the dashed line being higher than that of the 
solid line.
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appear to diff er between British Columbia 
and Alberta, but the biological signifi cance is 
unknown.

With increased temperatures, D. pon-
derosae is also undergoing the third type of 
regime change, spread into entirely new 
(naïve, novel host) habitats (Logan and Pow-
ell, 2001; Safranyik et al., 2010). Lodgepole 
pine naturally hybridizes with jack pine in 
sections of Alberta, and both hybrid and 
pure jack pines are being killed (Cullingham 
et  al., 2011). Jack pine extends eastward 
through the boreal forest and connects with 
eastern white pine and red pine in the Great 
Lakes region. Th is raises the prospect of a 
‘native invasive’ whereby  anthropogenically 
altered climate rather than direct human 
transport provides the bridge (Erbilgin et al., 
2013; Lusebrink et  al., 2013). Models of 
temperature suitability for beetles yield 
variable predictions (Bentz et  al., 2010; 
 Safranyik et al., 2010).

In estimating how trophic interactions 
will infl uence D. ponderosae in habitats 
 dominated by naïve host species, we con-
sider in sequence host-plant relationships, 
forest structure and natural enemies and 
symbionts (Fig. 10.1). Table 10.3 provides 
data on the same host compounds evaluated 
in the lodgepole versus whitebark pine 

comparison. Several trends emerge. First, 
the naïve novel tree species, especially in the 
Great Lakes region, appear more amenable 
to D. ponderosae’s mass attack behaviour 
than the historical species (Erbilgin et  al., 
2013; Raff a, 2014; Clark et  al., 2014). For 
example, jack pine has a higher per cent 
composition of α-pinene than lodgepole 
pine. Further, none of the pheromone inhib-
itor, 4-allylanisole, was found in jack pine. 
Concentrations of myrcene, a pheromone 
synergist, appear within the range of lodge-
pole pine. Red pine has higher concentra-
tions of α-pinene than lodgepole pine and 
no detectable levels of 4-allylanisole. East-
ern white pine had higher levels of α-pinene 
and lower levels of 4-allylanisole than lodge-
pole pine. A second trend is that there is 
 substantial intraspecifi c variation between 
regions. Interestingly, Alberta lodgepole 
pine had higher concentrations of α-pinene, 
that is, were more jack pine-like, than the 
British Columbia, Oregon or Wyoming pop-
ulations, and Alberta jack pine had lower 
concentrations, that is, were more lodgepole 
pine-like, than the jack pines in Wisconsin. 
Th is is consistent with the hybridization by 
these species in Alberta. With regard to 
inducibility, midwestern pines show pro-
nounced biosynthesis of monoterpenes and 

Table 10.3. Composition (%) of volatiles known to affect bark beetle signalling in lodgepole versus 
midwestern pines.

Host volatile

Pine species (region) α-pinene Myrcene 4-Allylanisole Reference

Lodgepole (central southern British 
Columbia)

 5.26 0.73 Not tested Boone et al. (2011)

Lodgepole (eastern central British 
Columbia and western central 
Alberta)

 7.09 2.98 Not tested Clark et al. (2014)

Lodgepole (north-western Wyoming)  3.27 3.96 1.05 Powell and Raffa (2011)

Lodgepole (north-eastern Oregon)  2.92 1.66 Not tested Raffa and Berryman (1982b)

Lodgepole (western central Alberta) 23.26 2.00 Not tested Erbilgin et al. (2013)

Jack (eastern central Alberta) 58.42 2.16 Not tested Clark et al. (2014)

Jack (eastern northern Alberta) 58.12 1.09 Not tested Erbilgin et al. (2013)

Jack (central Wisconsin) 71.04 3.83 0.00 Aukema et al. (2010)

Red (central Wisconsin) 60.66 0.41 0.00 Aukema et al. (2010)

Eastern white (central Wisconsin) 64.45 1.98 0.42 Aukema et al. (2010)
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phenolics in response to fungi vectored by 
the bark beetles native to this region (Raff a 
and Smalley, 1995). However, Clark et  al. 
(2014) found that induced monoterpene 
biosynthesis to mountain pine beetle- 
associated fungi was lower in jack pine than 
in southern British Columbia lodgepole 
pine. So, while naïve novel host species have 
evolved defences to local ophiostomatoid 
fungi, it is unclear whether those defences 
are eff ective against D. ponderosae and its 
associated microorganisms. An additional 
feature that could potentially increase tree 
susceptibility in the boreal forest and Great 
Lakes region is biotic stress caused by a 
native outbreak defoliator, Choristoneura 
pinus pinus Freeman, which reduces defences 
in jack pine (Wallin and Raff a, 2001; Colgan 
and Erbilgin, 2011) and root beetles (Hylo-
bius, Hylastes) and associated fungi that 
impair defences in red pine (Klepzig et  al., 
1996; Aukema et al., 2010).

It is not known whether the structure of 
midwestern boreal forests will be as condu-
cive to outbreaks as that of Rocky Mountain 
lodgepole pine forests (Fig. 10.1, upper mar-
gin). Lodgepole forests tend to be dense, of 
low species diversity and of relatively even 
age structure (Taylor and Carroll, 2004). 
Boreal forests tend to be much more frag-
mented, with jack pines often distributed 
patchily amid aspen, prairie and other habi-
tats (Safranyik et al., 2010). Th ese structural 
features decrease the likelihood of synchro-
nous, landscape-scale outbreaks. Addition-
ally, if jack pines in the region have relatively 
thinner phloem or smaller diameters, that 
could limit brood production in killed trees. 
Although much more research is needed, pre-
liminary considerations suggest this element 
of the eruptive window might be narrowed.

Another factor that could potentially 
help narrow the eruptive window of D. pon-
derosae in midwestern forests is the abun-
dance of predators and competitors. Overall, 
predator and competitor loads of mid western 
beetles appear to be higher than those of 
western beetles (Table 10.4). Th e trans-
continentally distributed D. rufi pennis 
 provides a case study for appraising inter-
regional eff ects. In this system, predator and 
competitor loads are much higher in the 

Midwest. Table 10.4 probably underesti-
mates the increased competitor load that 
invading D. ponderosae would encounter, 
because the primary tree-killing bark beetle 
of midwestern pines, Ips pini, is a secondary 
beetle, i.e. competitor, where it overlaps D. 
ponderosae. Also, a survey of Monochamus 
(Cerambycidae) species (Miller et al., 2013), 
which can be signifi cant competitors and fac-
ultative predators of tree-killing bark beetles 
(Dodds et  al., 2001), reported a mean trap 
catch 1.5 times higher in Wisconsin and 
Michigan than in seven western states and 
provinces. Th e extent to which these commu-
nities would infl uence D. ponderosae in new 
habitats, however, is unknown. An impor-
tant question concerns how strongly natural 
enemies in midwestern forests are attracted 
to D. ponderosae’s pheromones. If they are 
abundant but not attracted to the newly 
arrived pest, their eff ect could be diminished. 
We currently lack data on these  predators’ 
responses to the transverbenol produced by 
female D. ponderosae, but at least three local 
bark beetles (D. rufi pennis, D. simplex and 
Dendroctonus valens) produce frontalin, 
which male D. ponderosae emit. Th e major 
predators in upper midwestern forests are 
highly attracted to this compound (Aukema 
and Raff a, 2005). Another factor that could 
improve attraction to D. ponderosae is that 
secondary arrival by I. pini results in the 
emission of ipsdienol, which attracts preda-
tors that subsequently feed on D. ponderosae 
(Boone et al., 2008). A second question con-
cerns the phenological synchrony between D. 
ponderosae and natural enemies in midwest-
ern forests. For example, D. ponderosae typi-
cally attacks trees in mid to late summer, 
whereas most predators in Wisconsin are 
active earlier in the season (Aukema et  al., 
2000). Th is asynchrony could potentially 
provide D. ponderosae with some escape from 
the high populations of predators there.

10.5 Conclusions

1. Both mechanistic understanding of 
the  key processes aff ecting bark beetle 
 population dynamics, and epidemiological 
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analyses relating tree mortality to environ-
mental factors, provide strong evidence that 
outbreaks are largely driven by weather. 
Th ese include both direct and host-mediated 
eff ects. Specifi cally, warm temperatures can 

reduce overwintering mortality and shorten 
generation times, and severe drought and 
warm temperatures impose physiological 
stresses on trees that can impede their 
defence systems.

Table 10.4. Predator and competitor loads of bark beetles in western versus midwestern North Amer-
ica. Studies that were designed deliberately to manipulate ratios of predators and prey were omitted; 
direct comparisons or meta-analyses were not applicable due to interspecifi c and methodological differ-
ences. Table 10.4a = arrival; Table 10.4b = emergence.

(a)

Location Primary bark 
beetle

Predators/
beetle

Competitors/
beetle

Reference Sampling 
method

Western region

Interior Alaska Dendroctonus 
rufi pennis

Not 
sampled

   2.00 Werner et al. (2006) Pheromone 
traps

British Columbia Dendroctonus 
ponderosae

  0.01 Not 
sampled

Miller et al. (2005) Pheromone 
traps

North-eastern 
Oregon

Dendroctonus 
pseudotsugae

  0.04 Not 
sampled

Ross and Daterman 
(1995)

Pheromone 
traps

North-eastern 
Oregon

D. pseudotsugae   0.14 Not 
sampled

Ross and Daterman 
(1997)

Pheromone 
traps

North-eastern 
Oregon

D. pseudotsuga, 
D. brevicomis

  0.02    0.07 Zhou et al. (2001) Pheromone 
traps

West-central 
Montana

D. ponderosae   0.67    1.25 Boone et al. (2008) Pheromone 
traps

North-western 
Wyoming

D. ponderosae   0.06    2.54 Raffa et al. (2013) Unbaited funnel 
traps

North-western 
Wyoming

D. ponderosae   0.00    0.01 Powell et al. (2012) Pheromone 
traps

North-eastern Utah D. ponderosae Not 
sampled

   2.37 Lerch (2013) Unbaited panel 
traps

Great Lakes region

North-eastern 
Minnesota

Mostly 
Dendroctonus 
simplex, some 
D. rufi pennis

  0.99    3.25 Gandhi et al. (2009) Pheromone 
traps

Northern Minnesota, 
Wisconsin, Michigan

Dendroctonus 
rufi pennis

204.50  402.25 Haberkern and 
Raffa (2003)

Pheromone 
traps

Wisconsin Ips pini   2.12    0.09 Aukema and Raffa 
(2004)

Attraction to 
infested bolts

Wisconsin I. pini, Ips 
grandicollis

  0.10 Not 
sampled

Erbilgin et al. (2002) Pheromone 
traps

Wisconsin I. pini   1.59 Not 
sampled

Erbilgin and Raffa 
(2000)

Infested bark 
disks

Wisconsin I. pini   0.71    0.06 Raffa (1991) Pheromone 
traps

continued
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2. Several species of eruptive bark beetles 
exhibit bimodal population dynamics, such 
that if their numbers surpass a critical 
threshold, their growth becomes self- 
sustaining, even after initial inciting condi-
tions are relaxed. Because most climate 
change models predict not only changes in 
mean temperature and precipitation but 
also more frequent extreme events, species 
that exhibit such threshold behaviour are 
particularly likely to undergo regime 
changes, with increased environmental and 
socio-economic impacts.
3. Th ere is substantial evidence that recent 
anthropogenic changes in climate have 
increased the frequency and magnitude of 
outbreaks by some bark beetle species. Due 
to temperature-dependent physiological 
constraints, however, response to continued 
climatic changes will vary among and within 
species.
4. In addition to increased impacts within 
historical regions, some tree-killing bark 
beetles are surviving better at higher lati-
tudes and elevations than in the past, access-
ing new regions in which host species 
historically had little exposure and accessing 
new regions with historically unexposed 
host species. In the latter cases, native bark 
beetles pose the risk of behaving as invasive 
species, linked to new biomes by climate 
change rather than human transport.
5. We currently lack the information 
needed to predict how bark beetles 
will  behave in naïve habitats. Current 

population models yield diff erent results, in 
part because we are just beginning to 
 quantify phenotypic plasticity and genetic 
variation within species. In general, tree 
resistance is lower in regions that had little 
or no prior exposure than in historical 
ranges. We have only marginal information 
on beetle behavioural preferences. It also 
appears that midwestern forests may har-
bour richer competitor and predator com-
munities than western conifer forests, but 
direct comparisons have not been 
performed.
6. Although there is substantial knowl-
edge on the genetics, physiology, behaviour 
and ecology of bark beetles, our ability to 
project this information on to future tem-
perature and precipitation regimes in his-
torical habitats, the spread, survival and 
population dynamics of beetles in newly 
accessed regions, and the socio-economic 
impacts of these alterations, is limited. 
Indeed, one of the major consequences of 
climate change is increased uncertainty.
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