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Abstract

Favorable climatic conditions at historical range boundaries have allowed several insect species
with eruptive population dynamics to invade adjacent habitats, sometimes causing severe
impacts on forest health. However, the potential for recurrent outbreaks in novel habitats is
uncertain because the reproductive fitness exhibited during outbreaks is temporary. Persistence
in recently invaded habitats depends on the ability of the invasive species to persist at suboutbreak or endemic population densities.
I investigated the potential for mountain pine beetle (Dendroctonus ponderosae) to
persist in its expanded outbreak range by quantifying interactions that are critical for survival of
endemic populations. In lodgepole pine (Pinus contorta var. latifolia), epidemic-phase mountain
pine beetles (hereafter ‘epidemic-phase beetles’) attack vigorous trees and endemic populations
(hereafter ‘endemic-phase beetles’) preferentially colonize moribund trees. Although endemicphase beetles exhibited this behavior in both habitats, the endemic niche in lodgepole pine was
much more suitable than in jack pine (Pinus banksiana) habitats. Endemic susceptible trees
were scarce in jack pine as compared to lodgepole pine stands (1-5/ha vs 6-13/ha, respectively),
and susceptible host abundance was correlated with stand density index (SDI), a measure of
inter-tree competition. Endemic susceptible jack pines were commonly occupied by woodboring
beetles (Cerambycidae and Buprestidae), 25-60% of trees in a stand, and dissected bolts
harvested from such trees exhibited high phloem consumption, mean = 58%, compared to trees
occupied solely by secondary bark beetles, mean = 3%. I further showed that woodborer larvae
attracted woodpeckers to forage on endemic susceptible trees, suggesting that woodpeckers in
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invaded habitats may have stronger impacts on the survival of endemic-phase beetles compared
to the native range.
I show that: 1) mountain pine beetles can differentiate between vigorous and defensively
compromised trees in lodgepole and jack pine stands, 2) jack pine habitats are resource poor and
have elevated competition for phloem compared to lodgepole pine habitats, and 3) niche overlap
with woodborers in jack pine increases the risk of mortality by woodpeckers adapted to
exploiting woodborers as food. Due to the reduced endemic niche, post-epidemic populations
are unlikely to persist in sufficient densities to facilitate future eruptions in western boreal jack
pine forests.
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Lay Summary

Mountain pine beetles are destructive pests of lodgepole pine and, as a consequence of warming,
have spread from British Columbia into the Canadian Boreal Forest. Due to jack pine being a
common boreal species and a suitable host, there is concern regarding trans-continental spread.
To persist and spread, beetles must survive and reproduce in jack pine in the same way that they
do in their native habitats. I have demonstrated that western boreal jack pine is unsuitable for
sub-outbreak beetle populations compared to native and recently invaded lodgepole pine
habitats. Therefore, once outbreaks collapse in the western boreal forest, beetle populations will
largely disappear. However, reinvasion of jack pine forests from nearby lodgepole pine habitats,
where beetles have become permanently established, may occur. Management tactics that
reduce the suitability of lodgepole pine habitats adjacent to the boreal forest may reduce the
likelihood of future spread and impacts in jack pine.
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Preface

The following dissertation is my original, unpublished work with the following caveats. The
knowledge gaps addressed in Chapters 2-4 are based on Objective 3.1 of the NSERC (Natural
Science and Engineering Council of Canada) TRIA (Turning Risk into Action for the Mountain
Pine Beetle Epidemic) Network Research Proposal. The field data from British Columbia in
Chapter 2 was extracted from a dataset collected by Drs. A. Carroll, B. Aukema, K. Raffa, and
D. Linton from 2000-2004. Genetic analysis of foliar tissue was conducted by the Janice Cooke
Lab at the University of Alberta.
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Chapter 1: Introduction

1.1

General Introduction
In the last decade many studies have reported significant alterations in the abundance,

phenology and distribution of organisms from most major terrestrial and aquatic taxa in response
to climate change (Parmesan 2006; Parmesan and Yohe 2003; IPCC 2014; Diamond 2018;
Halsch et al. 2021). Insects in particular have proven to be highly sensitive to recent warming
because many of their physiological processes are directly affected by ambient air temperatures
(Bale et al. 2002; Bentz, Logan, and Amman 1991; Forister and Shapiro 2003; Robinet and
Roques 2010). Developmental rates tend to increase with rising temperatures which at temperate
latitudes has been linked to earlier emergence in the spring (Thomas et al. 2001; Roy and Sparks
2000) and shortened lifecycle durations (Sherriff, Berg, and Miller 2011; Bentz, Logan, and
Amman 1991). Additionally, warmer winters have facilitated increased over-winter survival,
particularly at latitudinal or elevational range boundaries, which has resulted in range expansion
by several economically significant species including the southern pine beetle, Dendroctonus
frontalis (Dodds et al. 2018), and mountain pine beetle, D. ponderosae (Carroll, Taylor, and
Régnière 2004; Safranyik et al. 2010), in North America, the pine processionary moth,
Thaumetopoea pityocampa, in Europe (Battisti et al. 2005; Marini et al. 2012), and several
lepidopteran defoliators from the family Geometridae in Fennoscandia (Jepsen et al. 2011;
2008).
For species that are sufficiently plastic and mobile, warming is an opportunity to colonize
habitats at higher elevations and latitudes that were previously unsuitable and/or inaccessible
(Pearson 2006; Jepsen et al. 2008; Hoegh-Guldberg et al. 2008; Aukema et al. 2006; Bentz et al.
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2010; Beckage et al. 2008). Ecosystems that receive climate migrants may not be sufficiently
co-evolved to regulate their populations (Burke and Carroll 2017; Clark et al. 2014; Clark,
Carroll, and Huber 2010; Hoegh-Guldberg et al. 2008; Logan, Régnière, and Powell 2003;
Lindgren and Raffa 2013; Raffa et al. 2017) as often happens with exotic invasive species
(Jiménez-Valverde et al. 2011; Sun et al. 2013; Lantschner, de la Vega, and Corley 2019). This
potential for native species to invade adjacent, previously inaccessible, habitats due to climate
change is an emerging threat to global biodiversity and ecosystem functioning (Burke,
Bohlmann, and Carroll 2017).
A consistent criticism of efforts to project range shifts is an over-reliance on climatic data
and climate change models (Kearney and Porter 2009; Elith and Leathwick 2009). While the
importance of biotic interactions in determining the current distribution and abundance of species
is universally accepted, they are rarely incorporated into estimations of a species’ future range
(Davis et al. 1998; Elith and Leathwick 2009). In contrast, studies of introduced species often
focus on biotic resistance or ecological processes such as competition, predation, and parasitism
that may reduce the likelihood of establishment and spread (Zenni and Nuñez 2013; Van
Hezewijk, van Akker, and Waring 2021). Biotic resistance is equally relevant in the context of
range shifts and potentially more so given that some ecological components may be shared
between native and novel ranges (Menéndez et al. 2008; Nunez-Mir et al. 2017).
One of the most dramatic and destructive examples of a response by a native organism to
recent climate change is the ongoing outbreak and resultant range expansion of mountain pine
beetle in western Canada that has affected over 18 million ha of forests since 1999 (Cooke and
Carroll 2017). A series of longer, warmer summers and moderation of minimum winter
temperatures during the 1990’s enhanced the survival of mountain pine beetle populations
2

throughout western North America (Carroll, Taylor, and Régnière 2004; Carroll, Régnière, et al.
2006). At the same time, long-term fire suppression and regulated pine harvesting allowed an
abnormal proportion of pine forests to mature to age/sizes that are highly susceptible to mountain
pine beetle attacks (Taylor and Carroll 2004). This co-occurrence of favorable climate and
increased host availability, both indirect consequences of anthropogenic activities, facilitated a
hyperepidemic (Sambaraju, Carroll, and Aukema 2019) that became an order of magnitude more
extensive than any previously recorded (Aukema et al. 2006). Ultimately, the abundance of
beetles arising from the hyperepidemic resulted in a large scale breach of the former geoclimatic
barrier associated with the Rocky Mountains (Safranyik et al. 2010) and invasion of the pine
forests to the east of the continental divide that are contiguous with the North American Boreal
Forest (Nealis and Cooke 2014; de la Giroday, Carroll, and Aukema 2012).
The range of lodgepole pine, Pinus contorta var. latifolia, is much more extensive than
the historic range of mountain pine beetle, extending north into Yukon and Northwest
Territories, and east across the province of Alberta (Little 1971). Populations of lodgepole pine
beyond mountain pine beetle’s historic range manifest weak defensive responses to attacks
(Burke, Bohlmann, and Carroll 2017; Clark, Carroll, and Huber 2010; Clark et al. 2014), and are
considered coevolutionary naïve to mountain pine beetle (Burke, Bohlmann, and Carroll 2017;
Cudmore et al. 2010; Cullingham et al. 2020). As a consequence, the rate of spread and impacts
by epidemic mountain pine beetle within newly invaded regions has exceeded expectations,
especially east of the Rocky Mountains (Cooke and Carroll 2017).
The net impacts of pine mortality associated with the epidemic, estimated at over half of
the mature pine within the forests of British Columbia (BC) (Walton 2011), are multifaceted and
difficult to quantify (Nealis and Cooke 2014). Beyond the immediate economic impacts to the
3

forestry industry, pine forests provide many social and ecological services such as water
conservation and quality, wind-breaks, carbon sequestration, wildlife habitat, and traditional uses
(Kurz et al. 2008; Nealis and Cooke 2014; Safranyik et al. 2010). The extraordinary amount of
standing dead pine on the landscape is also projected to change the behavior and severity of
wildfires (Hicke et al. 2012). Regardless of how they are quantified; the impacts are significant
and continue to increase.
The leading edge of the epidemic is currently >400 km east of its historic range in a
region where lodgepole pine, the main host, naturally hybridizes with jack pine (Pinus
banksiana), the principle boreal pine species in North America (Cooke and Carroll 2017;
Cullingham et al. 2011). A growing concern is the potential for this hybrid zone to act as an
ecological bridge, facilitating mountain pine beetle’s host shift to jack pine and invasion of the
Canadian Boreal Forest (Lusebrink, Erbilgin, and Evenden 2013; Erbilgin et al. 2014b; Safranyik
et al. 2010). Since the confirmation of successful mass attacks on pure jack pine trees by
Cullingham et al. (2011), concerns over the threat to the boreal have increased. Although large
flights of beetles from the west have ceased, following the collapse of the most recent outbreak
in BC, epidemic populations of mountain pine beetle remain active across Alberta (Cooke and
Carroll 2017).
Although there appears to be no major geographic, climatic, or biological barriers to
invasion of the boreal forest by mountain pine beetle (Nealis and Cooke 2014; Safranyik et al.
2010), the rate of range expansion has recently slowed (Cooke and Carroll 2017). Several
natural aspects of pine forests in the Boreal Plain may be implicated in the deceleration of
mountain pine beetle’s eastward migration. First, temperature regimes in northern Alberta are
currently only moderately favorable to mountain pine beetle survival (Shore, Riel, and Fall
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2008). Second, the abundance and connectivity of susceptible pine east of the Rocky Mountains
is lower than that associated with the historic range of mountain pine beetle to the west (Riel,
Burnett, and Fall 2010; Safranyik et al. 2010). Finally, although hybrid and jack pine appear to
be functional hosts, they are significantly different from lodgepole pine in terms of stem
morphology, volatile chemical signatures and defensive resin chemistry (Bleiker and Carroll
2011; Burke and Carroll 2016; Clark, Carroll, and Huber 2010; Erbilgin et al. 2014b; Lindgren
and Raffa 2013) which may affect the ability of mountain pine beetle to locate and colonize hosts
and produce broods in situ. Cumulatively these factors may affect the potential for rapid
eastward range expansion by epidemic mountain pine beetle (Safranyik et al. 2010).
To date, studies of the ecology, dynamics, spread, impacts and management of mountain
pine beetle in newly invaded regions have focused solely on outbreak or epidemic populations.
However, this population state is not normative for mountain pine beetle. In its native range,
mountain pine beetle most commonly exists as endemic phase populations that only rarely and
temporarily undergo rapid population growth resulting in an outbreak (Safranyik and Carroll
2006; Burke and Carroll 2017). The term endemic (from Greek en "in, within" and demos
"people") has several definitions within scientific literature depending on usage and context. In
reference to mountain pine beetle and eruptive insect dynamics in general, it describes the low
density or latent phase between outbreaks. Endemic populations remain in equilibrium across
large landscapes, where only a few trees per hectare are colonized by beetles each year, until
favorable conditions allow for population growth (Safranyik and Carroll 2006). Invariably,
mountain pine beetle epidemics arise from extremely low-density endemic populations and,
pending the depletion of accessible host populations or the onset of unfavorable climatic
conditions, eventually collapse back to approximately the same state (Safranyik and Carroll
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2006). Thus, long-term persistence by mountain pine beetle in newly invaded regions will be
contingent upon successful transition to/from the endemic state.
The successful establishment and persistence of endemic-phase populations is dependent
on the presence of an available endemic niche which is distinct from the epidemic niche
(Safranyik and Carroll 2006). The endemic niche in the native range is defined by a complex of
trophic interactions between extremely low-density mountain pine beetle populations, poorly
defended hosts, and other subcortical insects (Carroll, Aukema, et al. 2006). As populations
drop below a critical threshold, ~400 attacking females per hectare, mountain pine beetle are
unable to overcome the constitutive and inducible monoterpene-based resin defenses of vigorous
mature host trees and must colonize trees weakened by aging, poor growing conditions,
wounding or other acute stressors (Boone et al. 2011). These trees are also targeted by other
“secondary” (i.e., nonaggressive) bark beetle (Curculionidae: Scolytinae) species that specialize
in attacking defensively impaired hosts (Wood 1982). Secondary bark beetles typically emerge
and colonize hosts in the spring and early summer, before mountain pine beetle emerge in midlate summer (Safranyik and Carroll 2006). Consequently, endemic mountain pine beetle attacks
in native range lodgepole pine forests are often preceded by subcortical insect infestation
(Bleiker et al. 2014; Carroll, Aukema, et al. 2006).
Interactions between endemic mountain pine beetle and secondary bark beetles within a
weakened host can be competitive or facilitative. Rankin and Borden (1991) found that
competition for food and breeding space when the pine engraver, Ips pini, was abundant
potentially reduced reproductive fitness of epidemic-phase beetles. Conversely, Boone et al.
(2011) and Smith et al. (2011) found that endemic mountain pine beetle reproductive fitness was
enhanced by previous infestation by Monterey pine ips (Pseudips mexicanus) because infested
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trees were less well defended. It is unclear whether the secondary bark beetle infestation directly
affects host vigor or acts as a signal to endemic mountain pine beetle that the host is poorly
defended.
Following colonization by bark beetles, trees also attract a diverse assemblage of
generalist natural enemies ranging from predatory beetles to parasitic wasps and insectivorous
birds (Amman and Cole 1983). Mortality from natural enemies can severely impact endemic
mountain pine beetle populations, potentially preventing outbreaks from occurring or causing
localized extirpation (Safranyik and Carroll 2006). Many of the important predators and
parasitoids of mountain pine beetle in the native range are also present in recently invaded pine
habitats, leading to the assumption of similar top-down regulation (Safranyik et al 2010). If the
availability and quality of susceptible hosts, level of competition from subcortical insect activity
or mortality from natural enemies in novel pine habitats differ significantly from what occurs in
the native range then the endemic niche is fundamentally different and may be unable to support
persistent endemic mountain pine beetle populations.
If mountain pine beetle is able to establish and persist as endemic phase populations in
the expanded outbreak range, then there is a risk of future outbreaks there and beyond (Safranyik
et al 2010). Endemic populations do not cause noticeable tree mortality and consequently are
undetectable using traditional aerial survey techniques (Cooke and Carroll 2017) rendering
intractable attempts to detect and monitor the spread of endemic populations over landscapes.
Should endemic mountain pine beetle populations reach landscapes where the abundance,
connectivity and climatic suitability of pine-dominated habitats is high [i.e. western Ontario
(Safranyik et al. 2010)] then eruptive population dynamics may resume, and host shifts to other
eastern pine species may continue.
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Without a viable endemic niche for mountain pine beetle, its invasion of eastern forests
will likely be a relatively short-term event that will ultimately result in extirpation once epidemic
populations collapse. Alternately, if endemic niche conditions in novel pine habitats are similar
to the native range then long-term persistence and future outbreaks are possible. Within its
native range, biotic interactions between mountain pine beetle, host trees, competitors and
natural enemies play significant roles in regulating endemic mountain pine beetle population
densities (Amman and Cole 1983; Boone et al. 2011; Carroll, Aukema, et al. 2006; Smith,
Carroll, and Lindgren 2011; Rankin and Borden 1991; Safranyik et al. 1999; Burke and Carroll
2017). How these interactions manifest in the expanded outbreak range, and how they may vary
among naïve lodgepole, hybrid and jack pine forests is unknown.

1.2

Research Goals

The overarching theme of my research has been to use the climate-induced range expansion of
mountain pine beetle as a natural experiment for testing predictions related to the persistence of
eruptive species in novel habitats. Eruptive species are well studied in their historical outbreak
ranges and much is known about the biological interactions that promote the survival of endemic
phase populations between outbreaks. How these critical interactions may change during range
expansion are rarely considered during risk assessments or included as variables in predictive
models. This dissertation identifies and addresses knowledge gaps concerning critical trophic
interactions specific to mountain pine beetle but may provide insight into the long-term
outcomes of other climate-driven range expansions.
In Chapter 2, I assess variability in the endemic mountain pine beetle niche (i.e.,
defensively compromised trees colonized by secondary bark beetles) in mature lodgepole pine
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forests west and east of the Rocky Mountains and in boreal jack pine forests. The silvics of
developing lodgepole and jack pine stands are considerably different (R. M. Burns and Honkala
1990). Indeed, self-thinning in naturally established lodgepole pine stands typically begins at
~25 years and may continue past 150 years (Johnson and Fryer 1989), whereas in boreal jack
pine stands, the process of self-thinning ceases at ~60 years (Kenkel, Hendrie, and Bella 1997).
Therefore, I predicted that due to the propensity for long-term competition among trees, the
abundance of suppressed trees, and therefore the size of the endemic mountain pine beetle niche,
would be equivalent in mature lodgepole pine stands in native and newly invaded regions.
Furthermore, due to the tendency for jack pine stands to cease self-thinning at a relatively young
age, I predicted that the niche in mature jack pine stands would be less suitable for endemic
persistence than mature lodgepole pine stands because there are fewer suppressed, moribund
trees to be colonized. I tested these predictions by conducting intensive surveys to quantify
endemic-susceptible host abundance and competitive interactions with resident subcortical
insects in pine stands that form a transect from the native range in central BC to the edge of the
invasion front in eastern Alberta.
Chapter 3 comprises an observational study of mountain pine beetle host selection
behavior in lodgepole pine and jack pine habitats. Host selection in lodgepole pine has been
shown to be population state dependent, wherein the defensive capacity of trees that beetles
choose to colonize is positively correlated with population density (Boone et al. 2011). Adaptive
host selection is accomplished by a combination of random landings and gustatory assessment of
host defensive resin chemistry (Raffa and Berryman 1982a; Safranyik and Carroll 2006).
Although mountain pine beetle is considered polyphagous because of its demonstrated ability to
mass attack and kill many Pinus spp. (Furniss and Schenk 1969), how novel host chemistry
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affects the apparent vigor of a tree and subsequent host selection behavior is uncertain. Based on
the findings of Burke and Carroll (2017), which suggest host acceptance or rejection is a function
of absolute concentration of defensive monoterpenes, I predicted that density dependent host
selection behavior is not affected by host species. In other words, endemic phase populations
select defensively compromised trees and epidemic phase populations select vigorous trees,
regardless of host species. If this is true, then endemic persistence is possible in jack pine and
other novel pine host species. I tested this prediction by quantifying yearly population densities
within newly invaded lodgepole and jack pine stands and estimating the vigor of host trees
selected for colonization to model the relationship between population density and host defensive
capacity.
In Chapter 4, I evaluate top-down regulation of mountain pine beetles by avian predators,
specifically woodpeckers, at varying population densities in lodgepole and jack pine habitats.
Woodpeckers are known to exhibit rapid behavioral responses and lagged numerical responses to
mountain pine beetle outbreaks (Fayt, Machmer, and Steeger 2005); however, feeding pressure
on endemic populations has not been considered. Endemic attacks in lodgepole pine stands
appear to be poor food sources for woodpeckers because they are rare and contain low densities
of relatively small mountain pine beetle and secondary bark beetle larvae (Safranyik and Carroll
2006). Therefore, I predicted that endemic mountain pine beetles in lodgepole and jack pine
habitats would escape woodpecker predation. Additionally, although the same woodpecker
species are present in the historical and expanded outbreak ranges (Shunk 2016), it is unclear
how inexperience with mountain pine beetle as a prey item will affect woodpecker interactions
with epidemic populations. Given that many woodpeckers exhibit flexible feeding habits to take
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advantage of disturbance related pulses in prey abundance, I predicted inexperience would not
affect woodpecker – mountain pine beetle interactions.
In Chapter 5, I summarize the key findings and limitations of chapters 2-4, discuss how
they relate to current issues surrounding climate-related range expansions by forest insects,
propose areas of further research and discuss the relevance of my findings to management of the
mountain pine beetle in recently invaded areas.
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Chapter 2: Population phase-dependent niche requirements limit persistence
of an eruptive herbivore in novel habitats: the fate of invasive mountain pine
beetle in the western boreal forest

2.1

Introduction

Range shifts by climate-sensitive species are increasingly altering ecosystem structure and
function worldwide. Although the majority of shifting species fail to establish or naturalize in
novel habitats (Agosta and Klemens 2008), some proliferate and cause severe ecological impacts
similar to introduced invasive species (Sorte, Williams, and Carlton 2010). In this context,
species with eruptive population dynamics (i.e., threshold-based initiation of positive density
dependence (Raffa et al. 2008) are of particular concern because high propagule pressure during
eruptions may promote rapid spread, and potential establishment in not only adjacent
ecosystems, but habitats at significant distances from source populations (Simberloff 2009).
Population eruptions (i.e., epidemics), however, are temporary and inevitably followed by
collapse to low (i.e., endemic) densities until conditions amenable to an outbreak occur again
(Safranyik and Carroll 2006; Raffa et al. 2008). In novel habitats, long-term, post-outbreak
persistence depends on the presence of abiotic and biotic interactions sufficient to comprise a
functional endemic niche. If invaded ecosystems differ from source ecosystems in ways that
limit the naturalization of endemic populations, then extirpation in the expanded range is very
likely.
Truly eruptive species exhibit distinct population phases characterized primarily by
dramatic differences in abundance but also by changes in phenotype (i.e., morphology and
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behavior) as populations increase. For example, desert locusts develop morphotypes specialized
for dispersal (Pener and Simpson 2009), dinoflagellates associated with red tide shift from
primarily photosynthesis to mixotrophy (Jeong et al. 2015), and some species of bark beetles
switch from colonizing moribund to healthy host trees (Wallin and Raffa 2002; Boone et al.
2011; Raffa, Andersson, and Schlyter 2016; Burke and Carroll 2017). Consequently, epidemic
and endemic population phases can be considered as having distinct niche requirements
(Safranyik and Carroll, 2006). There is extensive literature on the epidemic niches of eruptive
species and the environmental triggers and positive feedback mechanisms that result in transition
from the endemic to epidemic phase (Despland and Simpson 2000; Raffa et al. 2008; Zhang et
al. 2017), but very few studies address the endemic niche and the potential role it plays in
determining a species’ distribution and abundance (Meynard et al. 2017). As a result, efforts to
predict the spread and impact of eruptive species under a changing climate focus primarily on the
epidemic phase and the factors that influence large, rapidly growing populations while
neglecting constraints critical to the persistence of endemic populations (Safranyik et al. 2010).
Several species of primary or tree killing bark beetles (Curculionidae: Scolytinae) of the
genus Dendroctonus exemplify eruptive dynamics with distinct population phase-dependent
niches and behaviors (Wallin and Raffa 2002; Safranyik and Carroll 2006; Raffa et al. 2008)
defined by strong host defense-based Allee thresholds (Berryman 1979; Nelson and Lewis
2008). During epidemics, beetles use pheromone-mediated cooperative attacks to kill, feed and
reproduce in the phloem tissues of previously healthy host trees (Pitman and Vité 1969; Renwick
and Vité 1970; Conn et al. 1983). This behavior generates positive density-dependent feedback
and facilitates rapid population increases until available host trees are depleted (Safranyik and
Carroll, 2006; Raffa et al. 2008). At low beetle densities, however, the highly sophisticated
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chemical and physical defenses of healthy pine trees resist attacks, requiring the beetles to either
search for more susceptible individuals or be intoxicated and entombed. Therefore, beetles of
endemic populations avoid vigorous trees, preferentially colonizing trees with impaired
defensive capacity resulting from various biotic and abiotic stressors, despite their relative
scarcity and lower nutritional quality (Wallin and Raffa 2002; Boone et al. 2011; Burke and
Carroll 2017).
Among North American Dendroctonus, the mountain pine beetle (D. ponderosae), an
oligophagous herbivore within the genus Pinus, has undergone the most extensive population
eruptions during the past century (Safranyik et al. 2010). The latest outbreak, which
encompassed more than 18 million ha (Cooke and Carroll 2017), was exacerbated by a warming
environment resulting in extreme propagule pressure that allowed beetles to breach the
geoclimatic barrier of the western North American Rocky Mountains (de la Giroday, Carroll, and
Aukema 2012; Sambaraju, Carroll, and Aukema 2019) and establish within forests comprising
novel hosts (Cullingham et al. 2011) known to be susceptible from common-garden and
laboratory experiments (Furniss and Schenk 1969; Cerezke 1995). Of particular concern are
epidemic beetle populations within jack pine, because this is the most common pine species in
the boreal forest, its transcontinental distribution raises the potential for full eastward expansion
across North America, and it overlaps several other pine species currently geographically
separated from but vulnerable to mountain pine beetle (Nealis and Cooke 2014). To date,
however, efforts to predict the future spread and impacts of the mountain pine beetle in novel
pine forests have focused entirely on epidemic populations (Cooke and Carroll 2017; Safranyik
et al. 2010), despite the endemic phase being the most critical to the beetle’s long term
persistence in any habitat. In this study, I examined the potential for mountain pine beetles to
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persist in novel habitats by quantifying biotic interactions known to affect endemic population
dynamics in native range habitats (i.e., the endemic niche). More specifically, I evaluated the
prediction that due to distinct population phase-dependent niche requirements, long-term
persistence in the endemic phase, and hence probability of future eruptions by the mountain pine
beetle, will vary among habitats comprised of different, but susceptible, host-tree populations
and species.

2.2
2.2.1

Methods
Study System

Mountain pine beetle persists between outbreaks at extremely low, endemic population densities
by reproducing in the phloem tissue of trees whose resin-based defenses are impaired by
exogenous factors such as drought, suppression by neighboring trees, wind damage, dwarf
mistletoe (Arceuthobium spp.), and root fungi (Safranyik and Carroll 2006). Within mature
lodgepole pine stands, trees susceptible to endemic beetles are typically rare, ephemeral, and
smaller in DBH with thinner phloem compared to average trees (Johnson and Fryer 1989;
Safranyik and Carroll 2006). Moribund trees are also susceptible to other subcortical insects
such as secondary bark beetles(Coleoptera: Curculionidae: Scolytinae), woodboring beetles
(Cerambycidae and Buprestidae), and ambrosia beetles (Scolytinae and Platypodinae) (Bright
1976; Wood 1982; Safranyik and Carroll 2006; Boone et al. 2011; Smith, Carroll, and Lindgren
2011). Most subcortical insects attack host trees in late spring to early summer (Bright 1976),
whereas the mountain pine beetle flight period occurs in late summer to early fall (Reid 1963).
As a consequence, endemic mountain pine beetles typically colonize trees already infested by
other subcortical insects (Safranyik and Carroll 2006). The resulting interspecific interactions
15

within host trees may be either facilitative (Smith, Carroll, and Lindgren 2011) or competitive
(Safranyik et al. 1999) depending on the abundance and identity of the co-occupant species.
Thus, the endemic niche for the mountain pine beetle within a given habitat comprised of host
species is primarily a function of the availability and condition of moribund trees, and the
abundance and diversity of subcortical competitors/facilitators.
Recurring mountain pine beetle outbreaks in lodgepole pine-dominated landscapes in
western north America over the past century (Taylor and Carroll 2004) indicate that the endemic
niche within the beetle’s native range has been relatively stable, allowing for long-term
persistence. Recently, however, mountain pine beetle has spread to three novel habitat types east
of the Rocky Mountains in the western North American montane-boreal transition zone;
evolutionarily naïve lodgepole pine (Cudmore et al. 2010), jack pine (P. banksiana) and hybrid
lodgepole x jack pine forests (Cullingham et al. 2011; Safranyik et al. 2010). Several factors
critical to mountain pine beetle fitness have been demonstrated to differ in recently invaded
habitats relative to the native range including host defensive resin chemistry (Clark, Carroll, and
Huber 2010; Clark et al. 2014; Erbilgin et al. 2014a; Burke, Bohlmann, and Carroll 2017) and
associated aggregation pheromone synergists/precursors (Raffa et al. 2015; Taft et al. 2015;
Burke and Carroll 2016), host-tree nutrition (Cudmore et al. 2010) and habitat connectivity
(Safranyik et al. 2010; Bleiker et al. 2019). This pattern suggests aspects of the endemic niche
may also vary among habitat types.
2.2.2

Data Collection

Endemic niche conditions for mountain pine beetle were quantified along an 800-km transect
originating within lodgepole pine stands within the beetle’s native range, extending through the
lodgepole x jack pine hybrid zone, and culminating within boreal jack pine near the easternmost
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extent of its recent expansion (Cooke and Carroll 2017; Bleiker et al. 2019). In total, eight
locations were selected for study (Figure 2.1, Table 2.1). At each location sets of candidate
stands that were suitable mountain pine beetle habitat (sensu Safranyik and Carroll 2006) and at
least 5km away from any ongoing epidemic mountain pine beetle infestations were identified
based on forest inventory data (BC FLNRORD, 2019a; AAF 2019a), provincial aerial overview
surveys (BC FLNRORD, 2019b; AAF 2019b), and consultations with local Forest Health
Officers. All candidate stands were initially inspected via rapid ground assessments wherein a
stand was explored on foot to confirm general suitability metrics, such as species composition
and stand structure, and identify any confounding factors such as the presence of aggregation
pheromone baits deployed by forest managers or recently mass attacked trees. From these
candidates, one to three stands representing optimal mountain pine beetle habitat (Safranyik and
Carroll 2006) were selected for further study (total = 16 stands). All selected stands were ≥6 ha
in size (range  6 - 18ha ), discrete (bounded by hydrological features, roads, or changes in forest
composition), mature (dominant canopy trees >80 yrs old), pine leading (i.e., >70% susceptible
host species), and located at least 5 km away from other selected stands (Table 2.1).
Additionally, all stands exhibited <1% cumulative mountain pine beetle-related pine mortality
when selected.
Each stand was initially classified as lodgepole, hybrid, or jack pine based on needle,
cone, and bark morphology (Bleiker and Carroll 2011), and predicted level of genetic
introgression at the site (Cullingham et al. 2011). Genetic ancestry was later confirmed by
submitting foliage samples collected from each stand to the University of Alberta, Department of
Biological Sciences, where genomic DNA was isolated and genotyped at Delta Genomics (for
details see Cullingham et al. (2011). Although all lodgepole stands east of the Rocky Mountains
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were found to have some level of introgression with jack pine, none exhibited mean
introgression >20% in either direction, which led to reclassifying all stands to the east of the
Rocky Mountains as either naïve lodgepole pine (LPn, n = 4) or jack pine (JP, n = 6) which were
compared to the native, coevolved lodgepole pine stands (LPc, n = 6; see Table 2.1).
Because sub-outbreak mountain pine beetle populations in co-evolved lodgepole pine
forests persist largely by reproducing in the phloem of damaged, dying trees incapable of
effective defensive responses (Safranyik and Carroll 2006; Boone et al. 2011), a 100% census
was conducted in each stand to locate all trees that could potentially function as hosts for
endemic mountain pine beetles. Although assays of defensive capacity based on the quantity and
composition of known defensive chemicals are common for small groups of trees (e.g., Boone et
al. 2011), testing many thousands of trees across multiple sites was logistically impossible.
Instead, endemic-susceptible trees were defined as any pine tree that, at the time of the census,
had been recently attacked (within the last 2 years) or was currently occupied by bole infesting
secondary bark beetles, and retained detectable amounts of healthy, unutilized phloem. This
definition was chosen because the vast majority (>80%) of mountain pine beetles in the endemic
state colonize trees that have suffered prior nonlethal infestation by other bark beetle species
(Safranyik and Carroll 2006).
Since secondary bark beetles tend to emerge and colonize hosts in late spring-early
summer (Bright 1976), all censuses were conducted in late June-early July. To ensure uniform
search intensity and facilitate spatial referencing, stand edges were demarcated and a 25m by
50m grid was laid out in flagging ribbon within each stand using a compass and 50m nylon
chain. After grid installation, the lower 3m, including the root collar, of all pine trees within
each grid cell were systematically examined for signs of subcortical insect activity (Bleiker et al.,
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2014) before moving on to an adjacent cell. Any pine trees within 5m of flagged stand edges
were included. All detected endemic-susceptible trees were flagged and given an alpha-numeric
code.
Upon completion of a census, all endemic-susceptible trees were sampled for
mensurational characteristics that have been shown to affect mountain pine beetle reproductive
fitness (Safranyik and Carroll 2006). Diameter at breast height (1.3m; hereafter DBH) was
measured using a DBH tape. Samples of phloem were removed at breast height from the north
and west side of each tree using a 1 cm-diameter arch punch. In the field, each phloem sample
was bisected using a razor blade and measured for thickness using a digital caliper. Short (~5
cm) tree-ring cores were extracted at breast height from the west side of the bole using an
increment corer to determine recent basal area increment. In the lab, all cores were glued to
wooden mounting boards, polished with progressively finer sandpaper on a belt sander, and then
scanned at 2400 dpi (Epson Expression 10000XL). Scanned images were first imported into
Cybis CooRecorder (Larsson 2014) to plot annual growth ring locations and then CDendro
(Larsson 2014) was used to measure ring widths. Widths of the five most recent rings were used
to calculate a five-year cumulative basal area increment (5YBAI) for each stem. Additionally,
all endemic-susceptible trees were examined and assigned injury codes for any putative, vigorimpairing conditions such as physical damage to the main stem, suppression by neighboring
trees, partial uprooting, fungal infections, and dwarf mistletoe.
The diversity and relative abundance of subcortical beetles and degree of phloem
exploitation were quantified in each stand. We identified sub-cortical insects in the field by
peeling back small areas of bark to examine species-specific gallery morphology (Furniss and
Johnson 2002). Where possible, adult specimens were collected, preserved in 100% ethanol, and
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identified in the lab using taxonomic keys. It was not possible to determine the absolute number
of attacking insects under the bark of an infested tree with any degree of accuracy without
extensive de-barking, therefore subcortical insect species were recorded as present or absent on
individual trees.
As a measure of the degree of potential exploitation competition, phloem utilization was
quantified in a sub-sample of endemic-susceptible trees from each stand. In late August-early
September of the same year as the census, after most sub-cortical insect species had completed
feeding, 6-12 endemic-susceptible trees were randomly selected in each stand for destructive
sampling. Due to logistical constraints, sample sizes varied among stands (7-11 bolts from jack
pine, 6-10 bolts from Alberta lodgepole, and 11-22 bolts from BC lodgepole pine stands). Since
endemic mountain pine beetle primarily occupy the lower 2m of any endemic-susceptible tree
(Safranyik and Carroll 2006), the lower bole was cut into three 75cm sections (root collar-75cm,
75-150cm, 150-225cm). One randomly selected section (bolt) was taken from each felled tree
and transported to either the Canadian Forest Service, Pacific Forestry Centre (Angstad Creek
and Aberdeen Plateau sites) or the Forest Insect Disturbance Ecology Lab at the University of
British Columbia, Vancouver campus (all other sites). Bolts were heated (120°C) under pressure
(2 atmospheres) in an autoclave for 20 minutes to loosen the bark and immediately peeled using
a rubber mallet and chisel. Total subcortical surface area of each bolt was calculated as the
lateral surface area of a cone frustum using bolt length, peeled top diameter and peeled bottom
diameter. Bark peels were flattened under sheets of plywood, digitally imaged using a Logitech
camera, and analyzed using Imagej® (Rueden et al. 2017). On each digital image, polygons
were drawn around all areas of phloem that had been utilized by subcortical insects or discolored
by associated fungi. Phloem areas affected by fire scars, desiccation, and resinosis associated
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with mechanical wounds were also demarcated and measured. To account for the variation in
the size (diameter) of bolts, the degree of exploitation competition in each bolt was recorded as a
proportion, where the numerator was the sum of all phloem areas utilized by subcortical insects
and the denominator was the total subcortical surface area minus the sum of phloem areas
affected by non-insect factors.
To assess the relationship between stand structure and endemic niche conditions, variable
radius “prism” plots (BC Timber Pricing Branch 2014)were installed at a density of 1 plot/ha in
each stand. Plots were placed in a stratified random fashion by dividing a stand into 1 ha blocks
and randomly selecting a search grid point within each block to be the center point of a plot. In
cases where no trees were present at the selected grid point, a second point within the same block
was selected and a second plot installed. A basal area factor (BAF) 4 m2/ha prism was used in
all jack pine stands and BAF 5 m2/ha prism was used in lodgepole pine stands. Only trees with
DBH ≥10 cm were tallied and identified to species. All tallied pine trees were sampled for
height, phloem thickness, recent radial increments, and vigor-impairing conditions in the same
manner as endemic-susceptible trees (Table 2.1). Additionally, age cores were taken at breast
height from one dominant and one subdominant living pine tree in each plot. Any age cores that
missed the pith were corrected using the Duncan method (Duncan 1989). Methods outlined in
the BC Timber Cruising Manual (BC Timber Pricing Branch 2014) were used to calculate stand
structural metrics including: quadratic mean DBH (QMD, cm), stems per hectare (SH), and basal
area per hectare (BAH, m2/ha). Stand density index (SDI, no units) (Reineke 1933), a metric
that describes the degree of inter-tree competition in a stand, was calculated using the Daniel and
Sterba (1980) formula:
𝑆𝐷𝐼 = 𝑆𝑃𝐻(𝑄𝑀𝐷/25 ) 1.6

(1)
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2.2.3

Analyses

All analyses were performed in R 3.5 (R Core Team 2013)and unless otherwise cited were
conducted using the base statistics package. For all analyses, the unit of replication was stand
(n=16), except in phloem utilization models where each peeled log was considered a replicate.
A series of analyses of variance (ANOVA) tests were used to assess the following null
hypotheses of no difference among forest types: condition of stand-average pine trees (DBH, 5year cumulative basal area increment, phloem thickness), stand structure (stems per hectare,
mean pine age, SDI), endemic-susceptible tree abundance (stems per hectare), and endemicsusceptible tree condition (DBH, 5-year cumulative basal area increment, phloem thickness).
When differences were detected (α=0.05), pairwise t-tests with Bonferroni adjusted p-values
were used to determine which forest types differ from each other [emmeans function in R:
(Lenth 2016)]. Within each forest type, paired t-tests were used to assess differences in DBH, 5year cumulative basal area increment, and phloem thickness between stand average and
endemic-susceptible trees in a stand.
We used generalized linear models to assess whether the count (family = negative
binomial, link = log) and/or proportion (family = binomial, link = logit) of endemic-susceptible
trees within a stand affected by wind varied among forest types (lme4: (Bates et al. 2015);
MASS: (Venables and Ripley 2002). Two models were fit for each response variable, one with
no predictor variables and one with forest type as a categorical variable. A likelihood ratio test
was used to assess whether forest type sufficiently reduced residual deviance to warrant
inclusion in the model. Once this was confirmed, Tukey’s HSD tests with Bonferroni adjusted
p-values were used to identify which forest types differed from one another (multcomp:
(Hothorn, Bretz, and Westfall 2008). The same process was used to assess whether the count
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and proportion of endemic-susceptible trees infested by woodboring beetles within a stand varied
among forest types.
We evaluated the relationship between stand structure and endemic-susceptible tree
abundance and condition by fitting a series of linear regression models. Given that many
variables describing stand structure were strongly correlated with each other and with forest type,
I checked for any multicollinearity issues. Models that included more than one stand structure
variable or included one stand structure variable and forest type had high variance inflation
factors, >5 [car:(Weisber 2019)]. Using this process, along with goodness-of-fit measures (R²,
AIC) and ecological relevance (see discussion), I selected SDI as the sole stand structure
predictor variable for all models.
Beta diversity and relative abundance of secondary bark beetles, reported as the
proportion of endemic-susceptible trees in a stand where a given species or genus was detected,
were analyzed using non-parametric methods as some species were rare or absent in some stands
resulting in zero-inflated, non-normally distributed variables. Pairwise dissimilarity between
stand-level secondary bark beetle assemblages was quantified using the Bray-Curtis distance
index and visualized by using the “metaMDS” function in R to perform non-parametric
multidimensional scaling (NMDS) [vegan: (Oksanen et al. 2019)]. The stress plot and stress
value of the final 2-dimension solution indicated that the original dissimilarities were well
preserved throughout the ordination process. A formal test of the influence of forest type as a
fixed effect on assemblage dissimilarity was conducted using the “adonis” function to perform
PERMANOVA.
Degree of exploitation competition within bolts was reported as the proportion of
subcortical surface area occupied by insect galleries and associated fungal staining. Therefore, I
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applied beta regression, as it is commonly used in situations where the dependent variable is
continuous and restricted to the open standard unit interval (0, 1) (Ferrari and Cribari-Neto 2004;
Simas, Barreto-Souza, and Rocha 2010). Our response variable included values of 0 and 1
(which are outside the open standard unit interval) therefore a transformation was applied:
𝑦 ∗ = (𝑦(𝑛 − 1) + 0.5)/𝑛

(2)

where n is the sample size (Smithson and Verkuilen 2006).
Initially, the influence of forest type on the degree of exploitation competition in bolts
harvested from endemic-susceptible trees was assessed using a beta regression model fit with the
package betareg (Cribari-Neto and Zeileis 2010). However, during the peeling process, I
observed that the presence of woodborer (Cerambycidae and Buprestidae) larval feeding in a bolt
was often associated with elevated subcortical surface area utilization. Therefore, I fit a second
model with forest type, presence/absence of woodboring beetle larvae and the interaction as
fixed effects. As presence/absence of woodborers is a tree-level variable and multiple bolts were
sampled from the same stand, bolt could not be considered an independent; hence, a random
effect of stand was incorporated into beta regression models to account for within-stand
relatedness. The full model, fit using package glmmTMB (Magnusson et al. 2017), which allows
for mixed-effects beta regression, was compared to reduced models (i.e., no stand random effect)
via likelihood ratio tests. The final model retained both fixed effects and their interaction and
variable dispersion for each factor level but stand to stand variation was negligible, so the
random factor was dropped.
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2.3

Results

As predicted, critical aspects of the niche required by endemic mountain pine beetle populations
varied among coevolved lodgepole pine (LPc), novel lodgepole pine (LPn), and jack pine (JP)
forest types. Although the physiological condition (DBH, recent growth rate (5YBAI), phloem
thickness) of pine trees within a stand were similar among forest types (Table 2.2), stand
structure varied significantly (Figure 2.2). Stems per hectare were 2-3 × greater in the lodgepole
than jack pine stands (Figure 2.2a). Furthermore, despite similarities in physiological condition,
jack pine stands were significantly younger than lodgepole pine stands (Figure 2.2b). Finally,
inter-tree competition indicated by SDI was similar in naïve and co-evolved lodgepole, but ~50%
lower in the jack pine (Figure 2.2c).
When considering trees susceptible to endemic mountain pine beetle, indicated by the
presence of recent secondary bark beetle attacks, I observed a similar pattern in that the two
lodgepole stand types tended to be similar, but different from jack pine stands. As expected,
endemic-susceptible trees within lodgepole stands tended to be smaller and/or exhibit thinner
phloem than the stand average; however, differences were statistically significant only in naïve
lodgepole stands (Table 2.2). Endemic-susceptible jack pine trees were similar in size and
phloem thickness, but with slower growth rates than the stand average (Table 2.2). The
abundance, size, and growth rates of endemic-susceptible trees varied among forest types (Figure
2.3). There was approximately 3 times the density of endemic-susceptible trees in lodgepole
pine forest types when compared to jack pine stands (Figure 2.3a). In jack pine, the endemicsusceptible trees were 10-30% larger in DBH, and they exhibited 2-3x greater 5-year BAI than
lodgepole pine trees (Figure 2.3b, c).
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Inter-tree competition (SDI) was directly related to the abundance and condition of
endemic-susceptible trees within mature, intact pine stands (Figure 2.4). When all forest types
were considered together, endemic-susceptible tree density increased (Figure 2.4a), and DBH
and growth rate decreased linearly with increasing SDI (Figure 2.4b, c). As predicted, however,
this trend was related to host silvics as the ranges of SDI values observed in jack pine were
consistently lower than in lodgepole pine, indicating that less inter-tree competition is associated
with fewer, albeit larger and faster growing, endemic-susceptible trees (Figure 2.4).
The relative frequency of vigor-impairing conditions associated with endemic-susceptible trees
varied significantly among forest types. Wind damage was the primary injury noted in many
stands. In particular, the absolute and relative abundance of endemic-susceptible trees resulting
from wind damage was approximately 2 – 6 times greater in stands east of the Rocky Mountains
(Figure 2.5).
The lower boles of endemic-susceptible trees were occupied by 16 sub-cortical insect
taxa (Table 2.3). Not all species were found consistently in all forest types, such that each forest
type contained a distinct assemblage (PERMANOVA: F (2,13) =23.64, p=0.001, pseudoR²=0.78) (Figure 2.6). Secondary bark beetle assemblages in co-evolved lodgepole forests were
dominated by Pseudips mexicanus, naïve lodgepole by Orthotomicus latidens and jack pine by
Ips pini (Table 2.3). Interestingly, almost 50% of endemic-susceptible jack pine trees were cooccupied by woodboring beetle species (Tetropium and Monochamus spp), whereas this was rare
in lodgepole pine stands (~0-20%, Figure 2.7).
Phloem consumption, measured as proportion of bolt subcortical surface area occupied
by subcortical insect galleries, larval mines, and associated fungal staining, within a given bolt
seldom approached 100% when occupied solely by secondary bark beetles, although bark beetles
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in coevolved habitats tended to consume more than those in naïve habitats (Figure 2.8). Mean
consumption per bolt was ~27% in LPc, 8% in LPn, and 3% in JP, for trees solely occupied by
secondary bark beetles (Figure 2.8). When woodborers were present significantly more phloem
was rendered unusable for endemic mountain pine beetle in all forest types: 34% LPc, 54% LPn,
56% JP (Figure 2.8).

2.4

Discussion

Despite its inherent capacity for population eruption and spread, long-term persistence by
mountain pine beetle in recently invaded boreal jack pine habitats is unlikely due to an
unsuitable endemic niche. However, I have shown that the endemic niche is largely a product of
host tree silvics (i.e., life history) and, therefore, lodgepole pine forests within or beyond the
historic range of the mountain pine beetle were largely equivalent suggesting that long-term
persistence in naïve lodgepole pine habitats is likely. Lodgepole pine is highly tolerant of
intraspecific competition (R. M. Burns and Honkala 1990) and able to colonize productive sites
that allow for the development of stands that have greater density, older trees for a given size,
and higher SDI values, than jack pine (Long 1985; R. M. Burns and Honkala 1990). By contrast,
jack pine in the western boreal forest is restricted to sites that limit regeneration and productivity,
resulting in lower density, lower SDI stands (Burns and Honkala 1990). Thus, as a result of
inherent differences in stand dynamics between host species, the abundance and condition of
trees susceptible to endemic mountain pine beetles also differed. High inter-tree competition
(i.e., SDI) and self-thinning (Yoda et al. 1963) in mature lodgepole pine stands generates
suppressed, defensively compromised trees suitable for endemic mountain pine beetles
(Safranyik and Carroll 2006; Boone et al. 2011). As a consequence of lower inter-tree
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competition (i.e., SDI) in jack pine stands, there were fewer endemic-susceptible trees per
hectare, and these trees were larger and growing at a greater rate than those in lodgepole pine.
Indeed, endemic-susceptible trees in jack pine tended to be equivalent to trees without secondary
insect attacks in terms of size and phloem thickness. Irrespective of species, SDI is a useful
predictor of the abundance and condition of endemic-susceptible trees within a stand.
The dynamics of lodgepole pine stand development further ensures a local, long-term
niche for endemic mountain pine beetles. The onset of self-thinning in naturally established
lodgepole pine stands occurs at ~25 years and may continue past 150 years (Johnson and Fryer
1989). Thus, even though endemic-susceptible trees in mature lodgepole pine stands are
relatively rare and ephemeral with <10 stems per ha, self-thinning results in a predictable input
of suppressed, dying trees through time. In contrast, the process of self-thinning ceases at ~60
years of age in boreal jack pine stands (Kenkel, Hendrie, and Bella 1997). Without self-thinning
there is no predictable input of endemic-susceptible trees in mature jack pine stands, suggesting
less stable endemic niche conditions through time.
Diverse, partially overlapping assemblages of secondary bark beetles occurred in each
forest type. The primary difference between co-evolved and recently invaded pine habitats was
the prevalence of Pseudips mexicanus in the former. P. mexicanus, the most frequently detected
secondary bark beetle in co-evolved stands, is ubiquitous in western North American lodgepole
pine forests (Smith, Carroll, and Lindgren 2009), but was rare or absent in naïve lodgepole and
jack pine stands. This has potential significance because prior infestation by P. mexicanus may
enhance endemic mountain pine beetle reproductive fitness (Smith, Carroll, and Lindgren 2011).
However, the proximate mechanism of this apparent facilitation and ultimate contribution of this
inter-specific interaction to endemic persistence is uncertain. The absence of this putative
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beneficial species east of the Rocky Mountains does not preclude the potential for similar
facilitatory interactions with resident secondary bark beetle species. For example, Dendroctonus
murrayanae and Hylurgops spp. were common in all forest types and may provide similar
benefits for endemic mountain pine beetle.
Secondary bark beetles (Byers 1995), including endemic mountain pine beetles (Boone et
al. 2011; Burke and Carroll 2017), preferentially colonize trees with impaired vigor and resultant
reduced defensive capacity. We observed an array of putative vigor-impairing conditions
affecting secondary bark beetle-infested trees, the most significant of which was wind damage,
breaks in the main stem, or partial to complete uprooting. In every case, trees recently damaged
by wind were colonized by secondary bark beetles and considered endemic-susceptible trees.
Interestingly, wind-damaged trees were a major component of the endemic-susceptible resource
in pine stands east of the Rocky Mountains (jack and lodgepole pine) but were rare to absent in
the west. In fact, nearly two thirds of all trees within jack pine habitats that were considered
susceptible to endemic mountain pine beetle had severe wind damage. At the stand level, wind
damage is an inherently stochastic disturbance event (Mitchell 2013). In a mature jack pine
stand, where the majority of endemic-susceptible trees are created by wind, the unpredictable
and irregular nature of wind damaged trees may be insufficient to support persistent endemic
mountain pine beetle populations. However, in forest types with a regular persistent supply of
endemic-susceptible material from self-thinning, stochastic wind events could facilitate an
increase of endemic mountain pine beetle populations beyond the incipient endemic-epidemic
threshold and accelerate the transition to eruptive behavior (Cooke and Carroll 2017). Thus,
recently invaded lodgepole pine habitats, in addition to providing a stable endemic mountain
pine beetle niche, may be more prone to outbreaks due to the propensity for wind damage.
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Furthermore, the accumulating evidence for the reduced defensive capacity of healthy naïve
lodgepole pine (Clark, Carroll, and Huber 2010; Cudmore et al. 2010; Burke, Bohlmann, and
Carroll 2017) suggests densities of beetles required to breach the incipient-epidemic threshold
may be significantly lower in naïve lodgepole pine, thereby increasing the probability of
outbreaks (Raffa et al. 2015; Cooke and Carroll 2017).
Within jack pine stands, the potential for endemic mountain pine beetle to persist is
further hindered by the rapid colonization of endemic-susceptible trees by cerambycid
woodborers. Tetropium spp. and Monochamus spp. colonized approximately half of all
endemic-susceptible trees in jack pine stands and consumed over 50% of the available phloem.
Similar levels of phloem consumption were observed in naïve lodgepole pine, although a smaller
proportion of trees were affected. Even though Monochamus spp. and Tetropium spp. are
common in pine forests west of the Rockies (Raske 1972), it is unclear why they do not colonize
trees that are susceptible to endemic mountain pine beetle with the same frequency as the
cerambycids in jack pine. The high degree of phloem exploitation by woodborers and other
competing phloeophagous insects (Raffa, Grégoire, and Lindgren 2015), combined with the
relative paucity and unpredictability of endemic-susceptible trees may severely limit the niche
for sub-outbreak mountain pine beetles in western boreal jack pine habitats. Additionally,
woodborer larvae have been shown to be facultative intraguild predators of bark beetles in other
systems (Dodds, Graber, and Stephen 2001) and may also cause direct mortality to endemicphase beetles.
Contrary to expectations from studies of defensive resin chemistry (Lusebrink, Erbilgin,
and Evenden 2013; Erbilgin et al. 2014a), pine stands in the hybrid zone did not exhibit
intermediate stand structural conditions that would allow for graduated adaptation from
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lodgepole to jack pine by endemic mountain pine beetle populations. These findings are
consistent with genetic assessments of the hybrid zone in that most hybrid pine stands are
backcrossed to the point that phenotypic and stand structural traits are indistinguishable from that
of pure stands (I. Burns et al. 2019). Despite the lack of an intermediate forest type facilitating
adaptation, jack pine may remain at high risk of future invasion by epidemic mountain pine
beetle given that endemic-suitable lodgepole pine-dominant hybrid stands occur in close
proximity to, and intermingle with, jack pine (Burns et al. 2019).
Earlier assessments (Safranyik et al. 2010; Nealis and Cooke 2014) suggested significant
long-term risk of continued eastward spread by epidemic beetles through the North American
boreal forest; however, epidemics are not the normative state for mountain pine beetle, as
outbreaks ultimately arise from, and collapse back to, endemic phase populations (Safranyik and
Carroll 2006). Our results indicate that although jack pine habitats in the North American boreal
forest are unlikely to support persistent sub-outbreak mountain pine beetle populations, the
primary risk will comprise epidemic incursions arising from adjacent lodgepole pine habitats.
Furthermore, the abundant high-quality niche for endemic beetles in naïve lodgepole habitats,
combined with a potentially lower threshold population for eruption to the epidemic state,
suggests that the potential for inputs of epidemic beetles into jack pine will be more common.
This is particularly worrisome given the expected increase in conditions conducive to population
eruptions in a warming environment (Cooke and Carroll 2017). To mitigate future impacts,
forest managers responsible for naïve lodgepole pine habitats should focus on proactive
measures to reduce the availability of endemic-susceptible trees, such as thinning from below,
post-disturbance stand hygiene activities, and reforestation at densities that limit subsequent selfthinning (Fettig et al. 2007).
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The current mountain pine beetle hyperepidemic (Sambaraju, Carroll, and Aukema 2019)
arose from the synergy between forest management practices [i.e., wild fire suppression (Taylor
and Carroll 2004)] that provided an abundance of susceptible trees, and a changing climate
(Carroll, Taylor, and Régnière 2004) that afforded widespread conditions conducive to beetle
survival (Cooke and Carroll 2017). The resultant extreme propagule pressure facilitated rapid
spread to evolutionarily naive pine forests (Cudmore et al. 2010; Cullingham et al. 2011; Burke,
Bohlmann, and Carroll 2017), where epidemic infestations have impacted ecosystems in a
manner similar to invasive species (Sambaraju, Carroll, and Aukema 2019). As with other
eruptive species, when the resources necessary to sustain an outbreak are depleted, population
densities rapidly decline, and landscape-level persistence depends of the presence of a functional
endemic niche in remnant habitats. Improving our understanding of the population phase
dependent niche requirements of eruptive species and how pertinent trophic interactions vary
between native and novel ranges is critical to predicting the long-term ramifications of epidemic
driven range expansions.
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2.5

BC

Tables and Figures

AB

Sampling locations
Hybrid index
Jack pine

Lodgepole pine

MPB ≤1970

Figure 2.1 Map of the southern distribution of lodgepole pine, jack pine and lodgepole x jack
pine hybrids (from Cullingham et al. 2011) and the location of stands in which the availability of
the endemic niche for mountain pine beetle was quantified. Dashed line indicates the
approximate boundary of the historic range (≤1970) of mountain pine beetle (from Safranyik et
al. 2010). Inset map illustrates broader ranges of lodgepole pine and jack pine in northwestern
North America (from Little 1971).
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Table 2.1 Location, sampling year, size, tree species composition, and genetic introgression of sampled stands within each forest type.

Forest type

Stand

Sampling yeara

Area (ha)

% pineb

Q-valuec

LPc-1

2002

16.69

0.99

0.00

LPc-2

2002

16.88

0.97

0.00

LPc-3

2004

13.32

0.84

0.00

LPc-4

2003

11.86

0.79

0.00

LPc-5

2003

18.01

0.91

0.00

LPc-6

2004

15.05

0.88

0.00

LPn-1

2014

7.47

0.70

0.03

LPn-2

2014

6.65

0.83

0.01

LPn-3

2016

7.09

0.69

0.18

LPn-4

2016

7.27

0.84

0.16

Slave Lake, AB

JP-1

2015

6.47

0.74

0.90

Athabasca, AB

JP-2

2015

6.44

1.00

0.95

JP-3

2014

10.48

1.00

1.00

JP-4

2014

10.25

1.00

1.00

JP-5

2015

6.17

1.00

0.98

Site
Angstad Creek, BC

Co-evolved
lodgepole pine
(LPc)
Aberdeen Plateau, BC

Evolutionarily
naïve lodgepole
pine (LPn)

Jack pine (JP)

Edson, AB
Swan Hills, AB

Lac la Biche, AB

Plamondon, AB
JP-6
2015
7.60
1.00
0.98
To limit the potential influence on beetle dynamics and behavior of the hyper epidemic (Sambaraju et al. 2019) west of the Rocky Mountains, stands within
co-evolved lodgepole pine were surveyed prior to the outbreak peak.
b
Non-pine trees were primarily interior Douglas fir (Pseudotsuga menzesii var. glauca Mirbel), and Engelmann Spruce (Picea engelmannii Parry ex. Engelmann)
in BC and black spruce (Picea mariana Miller), white spruce (Picea glauca Moench), and trembling aspen (Populus tremuloides Michaux) in AB.
c
Mean genetic introgression score (0 = pure lodgepole pine, 1 = pure jack pine) based on analysis of foliar DNA collected from AB stands. BC stands were not
genotyped and are assumed to be pure lodgepole pine, see Cullingham et al (2011) for details.
a
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Figure 2.2 Box plots illustrating variation in total stems per hectare (a), mean pine age (b), and level of inter-tree competition (c) in
stands from co-evolved lodgepole pine (LPc, ), evolutionarily naïve lodgepole pine (LPn, ), and jack pine (JP, ) forests. p-values
at the bottom of each plot are general Anova tests for a difference among forest types at α = 0.05. Horizontal bars indicate pairwise ttests comparing each forest type combination, corresponding p-values have been adjusted for multiple comparisons using the
Bonferroni method.

(a)

(b)
0.0008
0.03

(c)
0.03

0.0002
0.004

0.0004
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Table 2.2 Variation in size, recent growth, and phloem thickness of average and endemic-susceptible pine trees within and among
forest types a
DBH (cm)b

Basal area increment (cm2)c

Phloem thickness (mm)d

Forest

Stand

Endemic-

Paired

Stand

Endemic-

Paired

Stand

Endemic-

Paired

type

average

susceptible trees

T-teste

average

susceptible trees

T-teste

average

susceptible trees

T-teste

LPc

23.4 ± 1.1

21.5 ± 1.5†

p=0.143

18.8 ± 1.67

7.7 ± 0.9†

p=0.003

1.86

1.3 ± 0.2

--

LPn

26.5 ± 1.7

23.6 ± 1.3†‡

p=0.031

27.9 ± 7.8

11.5 ± 1.2‡

p=0.098

2.0 ± 0.1

1.6 ± 0.1

p=0.056

JP

24.4 ± 1.0

26.0 ± 0.7‡

p=0.278

27.7 ± 2.0

19.5 ± 2.0‡

p=0.008

1.6 ± 0.1

1.6 ± 0.02

p=0.760

p=0.251

p= 0.046

p=0.123

p=0.000009

--

p=0.190

Anovaf
a

All values are means ± SE unless otherwise noted.
Measured at breast height; 1.3 above the ground.
c
Summed radial growth from the most recent 5 years.
d
Stand average phloem thickness measurements for LPc stands were not recorded using the same methods as other forest types, therefore were not included
in within/among forest type analyses
e
p-values of paired t-tests for within stand differences between stand average and endemic-susceptible trees within each forest type.
f
p-values of ANOVA tests for among forest type differences. Significant tests are followed by pairwise comparisons; values sharing a symbol are not
significantly different at Bonferroni adjusted α=0.05.
b
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Figure 2.3 Variation in abundance (a), mean size (b), and mean growth rate (c) of endemic-susceptible trees in stands from coevolved lodgepole pine (LPc, ), evolutionarily naïve lodgepole pine (LPn, ), and jack pine (JP, ) forests. p-values at the bottom of
each plot are general Anova tests for a difference among forest types at α = 0.05. Horizontal bars indicate pairwise t-tests comparing
each forest type combination, corresponding p-values have been adjusted for multiple comparisons using the Bonferroni method.

(a)

(b)

(c)
0.04

0.02
0.02

<0.0001
0.001
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Figure 2.4 Abundance (a), mean size (b), and mean recent growth rate (c) of endemic-susceptible trees as a function of stand level
inter-tree competition in co-evolved lodgepole pine (LPc, ), evolutionarily naïve lodgepole pine (LPn, ), and jack pine (JP, ) stands.

(a)

(b)

(c)
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Figure 2.5 Variation in abundance (a), and percentage of total (b) endemic-susceptible trees with
severe wind damage (break in the main stem) in stands from co-evolved lodgepole pine (LPc, ),
evolutionarily naïve lodgepole pine (LPn, ), and jack pine (JP, ) forests. In (a) and (b), a
likelihood ratio test was used to test for overall significance of forest type as a predictor variable
by comparing negative binomial models (a) and logistic regression models (b) with and without
forest type, horizontal bars indicate Tukey’s HSD tests comparing each forest type combination
[R package ‘multcomp’, (Hothorn, Bretz, and Westfall 2008)].

(a)

(b)
0.002

<0.0001

ns

<0.0001
0.02
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Table 2.3 Relative abundance of secondary bark beetle species inhabiting the lower boles of pine
trees ab
LPc (n=749)
LPn (n=250) JP (n=134)
Species
Pseudips mexicanus (Hopkins)
0.81
0.01
0
Orthotomicus latidens (LeConte)
0.56
0.43
0
O. emarginatus (LeConte)
0.01
0
0
Hylurgops spp.c
0.22
0.13
0.05
Dendroctonus murrayanae (Hopkins)
0.09
0.80
0.14
D. valens (LeConte)
0.03
0
0.56
Ips pini (Say)
0.07
0.02
0.33
Pityogenes knechteli (Swaine)
0.01
0
0
Polygraphus rufipennis (Kirby)
0
0.03
0
Dryocoetes autographus (Ratzeburg)
0
0
0.01
Xylechinus montanus (Blackman)
0
0.01
0
Scolytus piceae (Swaine)
0
0
0.01
a
All values are the proportion of (n) trees within each forest type where a given species was detected.
b
Columns do not sum to 1.0 as often more than one species was detected in a single tree.
c
H. porosus (LeConte) and H. rugipennis (Mannerheim) were not differentiated in the field.
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Figure 6: NMDS plot illustrating stand level secondary bark beetle assemblage dissimilarity
within and among forest types, each point denotes the assemblage of an individual stand.
Ellipses denote 95% confidence space for forest type centroids. See Table 3 for relative
abundances of individual species
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Figure 2.7 Variation in abundance (a), and percentage of total (b) endemic-susceptible trees with
woodboring beetle larvae cohabitating with secondary bark beetle in stands from co-evolved
lodgepole pine (LPc, ), evolutionarily naïve lodgepole pine (LPn, ), and jack pine (JP, )
forests. In (a) and (b), a likelihood ratio test was used to test for overall significance of forest
type as a predictor variable by comparing negative binomial models (a) and logistic regression
models (b) with and without forest type, horizontal bars indicate Tukey’s HSD tests comparing
each forest type combination.

(b)

(a)

<0.0001
0.02

<0.0001
<0.0001
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Figure 8. Phloem consumed in 75cm logs cut from endemic-susceptible trees in co-evolved
lodgepole pine (a), evolutionarily naïve lodgepole pine (b), and jack pine stands (c). Filled
symbols are logs where woodboring beetle larvae were present along with secondary bark
beetles and open symbols are logs solely occupied by bark beetles. Diamonds and vertical bars
illustrate estimated marginal means and confidence intervals from a beta regression model using
proportion phloem consumed as the dependent variable and forest type, woodborer
presence/absence, and their interaction as independent variables.
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Chapter 3: Adaptive host selection in a novel host species: endemic mountain
pine and boreal jack pine

3.1

Introduction

Warming environments have been implicated in recent outbreaks by herbivorous insects that
exceed their documented natural range of variability (Battisti et al. 2006; Dodds et al. 2018;
Sambaraju, Carroll, and Aukema 2019). The most commonly observed outcome of warming has
been the spread of epidemic populations to latitudes and elevations outside their native range
(Carroll, Taylor, and Régnière 2004; Stastny et al. 2006; Jepsen et al. 2008; Raffa, Powell, and
Townsend 2013). Outbreak severity in areas with formerly low climatic suitability to the
herbivore is often extreme due to the lack of long-term coevolutionary interactions with host
plants (Cudmore et al. 2010; Burke, Bohlmann, and Carroll 2017). In some cases, herbivore
range expansion leads to encounters with plant species with which they share no recent
evolutionary history but are nonetheless recognized and utilized as hosts, leading to host range
expansion (Cullingham et al. 2011). Recent examples of novel plant-insect interactions arising
from herbivore range expansion include southern pine beetle (Dendroctonus frontalis) attacking
pitch pine (Pinus rigida Miller) in the North-East United States (Dodds et al. 2018), and the pine
processionary moth (Thaumetopoea pityocampa) defoliating mugo pine (Pinus mugo) across
central Europe (Stastny et al. 2006). Eruptive herbivores in novel habitats have been studied
extensively because of their immediate and sometimes dramatic impacts; however, the potential
for novel interactions generated by epidemics to persist in the long term remains uncertain.
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Outbreaks by eruptive herbivores (sensu Raffa et al. 2008) are rare and ephemeral
(Berryman 1978). Epidemic populations inevitably collapse and transition to an endemic phase
characterized by extremely low densities and distinctive behaviors that limit Allee effects and
promote long-term persistence (Safranyik and Carroll 2006). For herbivores with Allee
thresholds defined by host-plant defenses, epidemic populations are characterized by cooperative
attacks that overwhelm defensive responses (Pitman and Vité 1969). In contrast, low densities
associated with endemic populations preclude cooperation and therefore require that individuals
avoid lethal host defenses (Raffa and Berryman 1982a; Boone et al. 2011; Raffa, Andersson, and
Schlyter 2016). Thus, long-term persistence depends on accurate interpretation of host defensive
chemistry (Raffa, Andersson, and Schlyter 2016). In cases of host range expansion, novel host
chemistry may interfere with accurate assessments of defensive chemical signatures leading to
sub-optimal host choice (Erbilgin et al. 2014a). This interference may not be apparent during an
epidemic where host selection is primarily driven by herbivore density and reproductive output is
high (Safranyik and Carroll 2006; Cooke and Carroll 2017). During the endemic phase,
however, inaccurate assessment may result in local extirpation (Cole 1981; Amman and Cole
1983). If novel host chemistry does not interfere with population phase- (i.e., context-)
dependent host selection then long-term persistence and future outbreaks in recently invaded
habitats are possible (Lusebrink, Erbilgin, and Evenden 2013; Erbilgin et al. 2014a).
In eruptive bark beetle species, host selection behavior is density dependent and shifts
from large vigorous trees with fully functional resin defenses during an epidemic to moribund or
damaged trees with compromised defenses when population densities are low (Byers 1995;
Boone et al. 2011). Host selection is mediated by gustatory assessment of volatile terpenoid
chemicals released by a host tree during attack initiation (Raffa and Berryman 1982b; Burke and
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Carroll 2016). After a tree has been selected, beetles emit aggregation pheromones derived from
defensive chemicals to attract conspecifics, which results in the cooperative mass attacks typical
of epidemic phase populations (Renwick and Vité 1970; Pitman and Vité 1969). If a healthy tree
is selected in the absence of conspecifics then colonization fails, as functional resin defenses are
highly effective against low density bark beetle attacks (Raffa and Berryman 1982b; Lindgren
and Raffa 2013). Thus, preferential selection of defensively compromised hosts when
population densities are low is critical to post-epidemic persistence (Safranyik and Carroll 2006).
Several studies suggest bark beetle host selection behavior is based on the absolute concentration
of defensive chemicals, where higher concentration indicates higher defensiveness (Byers 1995;
Boone et al. 2011; Burke and Carroll 2017). If this is true, then inexperience with novel host
resin chemistry should not interfere with context dependent host selection.
Mountain pine beetle (Dendroctonus ponderosae Hopkins), the most significant
herbivore of Pinus species in western North America, has recently breached the Rocky Mountain
geoclimatic barrier (de la Giroday, Carroll, and Aukema 2012) and expanded its range into the
transcontinental boreal forest where epidemic populations are interacting with jack pine (Pinus
banksiana Lambert) for the first time in recorded history (Cullingham et al. 2011; Nealis and
Cooke, 2014). Over a decade of sustained epidemic populations and a multitude of experimental
studies indicate that jack pine is a suitable host for the mountain pine beetle (Furniss and Schenk
1969; Cerezke 1995; Rosenberger, Venette, and Aukema 2018; Bleiker et al. 2019). However,
the potential for mountain pine beetle to persist in jack pine habitats following the collapse of
epidemic populations is uncertain because its defensive resin signature is highly variable and
deviates significantly from lodgepole pine (Pinus contorta Douglas var. latifolia), the only host
where endemic host selection has been observed (Carroll, Aukema, et al. 2006; Amman and Cole
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1983). Based on the experimental findings of Burke and Carroll (2017), I hypothesize that
mountain pine beetles assess the absolute concentration of defensive chemicals to determine host
vigor during host selection. If this is true then I predict mountain pine beetles will exhibit similar
context-dependent host selection behavior in lodgepole and jack pine forests i.e., shift from
vigorous hosts when population densities are high to defensively compromised hosts when
population densities are low.
3.2
3.2.1

Methods
Data Collection

To assess the influence of host species on host selection behavior, I first identified a set of
candidate lodgepole pine and jack pine stands that were: i) ranked as highly susceptible to the
mountain pine beetle [i.e., >70% pine, >400 stems per hectare, dominant canopy trees >80 years
old, mean pine DBH >20cm (Shore, Safranyik, and Lemieux 2000; Nelson et al. 2007)]; ii)
behind the beetle’s invasion front as defined by aerial detections of mass attacks (Figure 3.1); but
iii) had no detected epidemic infestations in the year preceding sampling as determined from
aerial detection survey maps (AAF 2019b). In May of 2014, 2015, and 2016 I visited subsets of
candidate sites and conducted rapid ground assessments to detect potential confounding factors
such as large mountain pine beetle infestations that escaped detection, pheromone trap arrays, or
imminent timber harvesting activities. Any site with such factors were eliminated from the
study. Each year, two to four pine stands (i.e., 10 stands total with four lodgepole pine and six
jack pine; Figure 3.1) were selected for further study. As all stands were located within the
lodgepole x jack pine hybrid zone (Little 1971), foliage was collected from each stand and
genotyped at the University of Alberta to assess genetic ancestry using the protocol from
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Cullingham et al (2011). No stands were found to have >20% mean introgression (Table 3.1)
and each stand was therefore classified as either lodgepole or jack pine.
For each selected stand, perimeters were demarcated and 25 × 50m search grids were
established using flagging ribbon. After search grids were installed, initial surveys were
conducted where all pine trees, living and dead, within each stand were examined for diagnostic
signs of mountain pine beetle attack, specifically: frass and pitch tubes on the outer bark;
characteristic “J shape” galleries (i.e. tunnels) beneath the bark; and living or dead adult
beetles/pupae/larvae within galleries (Figure 3.2). All mountain pine beetle-attacked trees were
marked, DBH and height were measured, and number years since attack was determined based
on the presence/absence of beetles, condition of phloem and bark, and the state of the crown
(Table 3.2). Living trees were examined for putative vigor-impairing conditions (Table 3.3), and
presence of secondary subcortical insect infestations (i.e., other bark beetle species (Scolytinae)
and/or woodboring beetles [Cerambycidae or Buprestidae)]. The number of mountain pine
beetle attack starts on a tree (i.e., pitch tubes and/or entrance holes, see Figure 3.2), which
indicates the number of attacking adult females, was directly counted when <50 were present.
When more than 50 were present, this number was estimated by: 1) counting the number of
attack starts in two 15x15 cm bark samples taken at 1.3m above ground on opposite sides of the
tree main stem (aka tree bole); 2) measuring the attack height (i.e., length of main stem where
attacks starts were visible); and 3) using the equation from Safranyik (1988) as follows:
𝑇𝑎 = 129.2189 (𝑋𝑎0.2964 )(𝐷1.7665 )(𝐻𝑖 0.9430 )
where Ta is total attacks, Xa is attacks per m² (from samples); D is DBH in m; and Hi is attack
height in m.
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Summing Ta of all trees within a stand was not an appropriate measure of population
density because mountain pine beetles generally live for only one year and trees were attacked in
different years. To calculate yearly population density within each stand it was necessary to
reconstruct invasion timelines. To do so, I first consulted aerial overview survey maps to
determine which year mountain pine beetles arrived in the vicinity of our study sites (see Figure
3.3 for examples). Then I temporally grouped attacked trees within each stand into yearly
cohorts based on the criteria in Table 3.2, dating the oldest attacks to the year indicated by the
aerial overview survey maps. We then summed Ta for each yearly cohort within each stand to
find yearly mountain pine beetle population density (Table 3.1).
All mountain pine beetle attacked trees were classified as healthy and vigorous
(epidemic-susceptible) or moribund and defensively compromised (endemic-susceptible) in the
year of attack using multiple lines of evidence (from Safranyik and Carroll 2006). Trees were
considered healthy and vigorous when pitch tubes on the outer bark were large and/or abundant,
indicating functional constitutive resin defenses (Figure 3.2a) and when at least one egg gallery
was surrounded by a necrotic lesion and showed no signs of successful egg hatch, indicating
functional induced resin defenses (Figure 3.2c). Evidence of vigorous defensive responses are
easily discernible on living and dead trees attacked several years prior to sampling. Trees were
considered moribund and defensively compromised when pitch tubes were small or absent
(Figure 3.2b) and when signs of pre-existing secondary bark beetle attacks and other putative
vigor-impairing conditions were detected.
Stands were subjected to identical surveys and sampling again in late August-early
September, after the mountain pine beetle flight period (Safranyik and Carroll 2006), to detect
any current-year attacks. Newly attacked trees were marked and sampled in the same manner.
49

Additionally, variable radius plots were installed at a density of one plot per ha and stand-level
characteristics were calculated including: stems per hectare, basal area per ha, percent of basal
area that is pine, mean age for pine trees, and mean DBH for pine only (Table 3.1).
3.2.2

Statistical Analyses

All statistical analyses were performed using R (R Core Team, 2013). Our hypothesis that novel
host resin chemistry does not interfere with density-dependent host selection behavior was
assessed using generalized linear mixed-effects models using a logit link and a binomial
distribution (Bates et al. 2015). Specifically, I tested our prediction that the probability of
observing the outcome of endemic host selection behavior would be strongly correlated with
yearly within-stand population density in lodgepole pine stands and in jack pine stands.
Therefore, I used yearly within-stand population density, host species, and an interaction term as
predictor variables in our full model. Each attacked tree was considered a binary response, in that
a selected tree was either healthy and vigorous in the year of attack (i.e. epidemic susceptible) or
was moribund, injured and occupied by secondary insects (i.e. endemic susceptible). Our
modelled response variable was input as the ratio of healthy (0) to unhealthy (1) trees attacked in
a stand each year, representing the probability or odds of endemic host selection. Given that our
data violated independence assumptions, because multiple measures were taken from some
stands (one measurement per year occupied by mountain pine beetles), I included “stand” as a
random effect (intercept, as well as the slope with population-density and with the interaction).
A Chi² test comparing models with and without random effects found no significant difference
(p=0.97), therefore the fixed-effects only model was retained.
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3.3

Results

All stands were confirmed to be suitable mountain pine beetle habitat (i.e., dominated by mature
pine with DBH > 20cm) and had been recently invaded by mountain pine beetles (Table 3.1).
Collapsing but persistent mountain pine beetle populations were detected in all the lodgepole
pine stands and two of the six jack pine stands (SLK1 and SLK2), as evidenced by multiple years
of attacks with signs of successful reproduction (Figure 3.2c; Table 3.1). In three jack pine
stands (LLB1, LLB2, and LLB3), colonization events were detected but no evidence of
successful reproduction was observed (Figure 3.2a, c; Table 3.1). In the remaining jack pine
stand invasion occurred in the year of sampling, between the spring and fall surveys, so I was
unable to confirm the outcome of attacks (Table 3.1).
As predicted, our model showed a strong density-dependent effect on mountain pine
beetle host selection behavior; however, the host type by population-density interaction term was
highly significant (p=0.004, Table 3.4) indicating that the trend varied significantly between
populations occupying lodgepole and jack pine stands (Figure 3.4, Table3. 4). The probability of
observing endemic host selection, i.e., preferential colonization of stressed or injured trees
concurrently with secondary sub-cortical insects, in lodgepole pine stands was very high when
populations densities were low and declined substantially as population density increased (Table
3.4, Figure 3.4b). The same trend was found in jack pine stands, but the relationship was far less
pronounced (Figure 3.4a).
Timeline reconstruction depicted consistent scenarios across lodgepole pine stands with
invading populations arriving in sufficient numbers (~200-1000 attacking females) to mass
attack, kill, and reproduce in at least 1 - 5 healthy mature host trees (Table 3.1). In three stands,
epidemic mass attacks continued for two years before populations collapsed to sub-outbreak
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densities. In the fourth lodgepole pine stand, the invading population of <200 attacking females
did attempt to mass attack a tree in the first year of invasion but had limited reproductive success
and collapsed to sub-outbreak population densities in the following year. In any year where less
than 30 attacking females were present in a stand, 100% (14/14) of attacked trees were already
occupied by secondary subcortical insect species and had multiple vigor impairing conditions
(Table 3.3). All endemic attack galleries on lodgepole pine trees (90 total) were partially
excavated in the field and, in all galleries, signs of reproductive success (egg laying and larval
hatching) were observed (Figure 3.2b, d).
Contrary to our prediction, density-dependent host selection behavior was observed in
only half of jack pine stands. In LLB1, LLB2, and LLB3, located at the eastern leading edge of
the invasion front (Figure 3.1), no endemic behavior was observed. Extremely small invading
populations (2-3 attack starts observed per stand) arrived in 2011; however, all detected attacks
were on healthy jack pine trees with effective defensive mechanisms that prevented successful
reproduction, resulting in immediate extirpation (Figure 2a, c). In LLB3, there was a second
small invasion event in 2015 (Table 3.1) and arriving beetles once again selected healthy host
trees resulting in extirpation.
In contrast, beetle populations invading jack pine stands further west and closer to source
populations (SLK1 and SLK2; Figure 3.1) showed density-dependent behavioral patterns similar
to populations in lodgepole pine stands. Large invading populations exhibited epidemic
behavior, mass attacking, killing, and reproducing in a number of healthy host trees (Table 3.1).
Epidemic behavior continued as populations declined for 2-5 years, reaching sub-outbreak
densities in 2014. In both stands, endemic attacks were detected on trees that had broken mainstems and ongoing subcortical insect infestations. In late summer 2015, secondary invasion
52

events occurred in these stands (~1000 females), thereby increasing local population density, and
epidemic behavior resumed (Table 3.1).
In LLB4, an isolated jack pine forest in an agricultural landscape (Figure 3.1), there was
an inflight of 97 females (Table 3.1). This population exhibited a mixture of epidemic and
endemic host selection. Six of eight attacked trees had no putative vigor-impairing conditions
and produced copious amounts of resin, as in the other LLB jack pine stands. The remaining two
trees, however, were under attack by secondary bark beetles and wood-boring beetles. These
trees produced little to no resin and gallery excavation revealed signs of reproductive success
(Figure 2b, d).
3.4

Discussion

Interacting with a novel host species did not prevent endemic host selection behavior, defined as
the preferential colonization of trees with compromised defenses, by the mountain pine beetle.
In jack pine stands where invading populations arrived with sufficient individuals to mass attack
and reproduce successfully, I observed shifts to endemic behavior as population densities
declined, the same pattern observed in all lodgepole pine stands. We also observed endemic host
selection in a small inflight of ~100 beetles into a jack pine stand. If jack pine volatile chemical
signatures were interfering with discrimination between healthy and unhealthy hosts then the
apparent endemic attacks I observed would be due to random chance. This is highly unlikely as
endemic susceptible trees are very rare within jack pine stands, 1-3 stems/ha (see Chapter 2).
Expression of adaptive behavior while interacting with a novel host species supports
previous studies that show mountain pine beetle host selection is based primarily on gustatory
assessment of the absolute concentration of defensive chemicals following landing, rather than
primary attraction to a specific chemical cue while dispersing (Raffa and Berryman 1982a;
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Pureswaran and Borden 2003; 2005; Boone et al. 2011). Boone et al. (2011) observed that
growing mountain pine beetle populations preferentially colonize increasingly defensive hosts
and our results indicate the opposite it true as well, declining populations avoid vigorous
defenses and preferentially colonize moribund hosts. This is supported by the laboratory studies
of Burke and Carroll (2017), who found that epidemic beetles preferred diets with high
monoterpene concentrations while endemic beetles more readily accepted diets with low
monoterpene concentrations. Interestingly, the monoterpene blend used by Burke and Carroll
(2017) was not intended to mimic lodgepole pine specifically, but rather to represent the major
chemical components found in a range of Pinus spp. Therefore, it is possible that mountain pine
beetle is capable of adaptive host selection in most Pinus spp., barring a few outliers like Jeffery
pine (Pinus jeffreyi) and Great Basin Bristle-cone pine (Pinus longaeva) that have unique
defensive resin components (Renwick and Pitman 1979; Eidson, Mock, and Bentz 2017).
We also observed extremely low mountain pine beetle populations in jack pine stands
that did not exhibit endemic behavior. In one stand this occurred in two separate colonization
events: once in 2011 and again in 2015. One to three females arrived and selected healthy hosts
with fully functional resin defenses that prevented colonization and led to immediate extirpation.
If mountain pine beetles in other jack pine stands are able to seek out endemic-susceptible trees,
when situationally adaptive, then why did these beetles behave differently? I propose two,
possibly interacting, hypotheses: maternal effects and long-distance dispersal effects.
Maternal effects refer to parental influences on phenotypes of their offspring that are
unrelated to the offspring's own genotype (Bernardo 1996; Newcombe, Moore, and Moore 2015)
For the mountain pine beetle, context-dependent maternal effects (Burke and Carroll 2017)
ensure that the offspring of epidemic beetles will display epidemic colonization behavior and
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preferentially colonize highly defensive hosts. Due to the ongoing outbreak along the eastern
slopes of the Rocky Mountains (Nealis and Cooke 2014; Bleiker et al. 2019), mountain pine
beetles colonizing stands at the leading edge of the invasion front are likely the progeny of parent
beetles from epidemic populations. Thus, the apparently maladaptive behavior of arriving beetles
observed in the remaining jack pine stands may be linked to maternal effects derived from the
originating epidemic infestation.
In terms of long-distance dispersal, the mountain pine beetles that failed to establish in
jack pine forests surrounding Lac la Biche likely came from epidemic source populations ~80km
to the west (see Fig. 3.3). While long-distance dispersal is aided by wind above the forest
canopy (Jackson et al. 2008), dispersing beetles deplete energy reserves generated in the natal
tree, which can negatively affect reproductive fitness (Elkin and Reid 2005; Wijerathna and
Evenden 2019). How energy reserve depletion during long distance dispersal affects mountain
pine beetle host selection remains relatively unexplored; however, theoretical models suggest
habitat selectivity of dispersers declines rapidly when mortality rates are high and time spent
searching incurs severe costs to reproductive fitness (Stamps, Krishnan, and Reid 2005). The
results of Burke and Carroll (2017) offer some insight on the effect of starvation. The majority
of endemic and epidemic beetles in their experiments eventually accepted phloem diets
regardless of monoterpene concentration, suggesting that dispersing mountain pine beetles
become less discerning of host condition as energy reserves are exhausted.
Endemic host selection allows mountain pine beetles to overcome the strong Allee effect
associated with defensive chemistry of nutritionally optimal host trees (Safranyik and Carroll
2006). Our results show that, while endemic behavior was observed when interacting with both
co-evolved and novel host populations, there is a minimum founding population required for
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mountain pine beetles to persist in a newly invaded stand, as has been suggested in theoretical
and spatial models of mountain pine beetle spread (Goodsman and Lewis 2016; Goodsman,
Cooke, and Lewis 2017). We only found persistent populations that had transitioned to the
endemic phase in stands where arriving populations were large enough to mass attack one or
more large mature trees upon their arrival. Most beetles that dispersed too far from epidemic
source populations attempted to initiate mass attacks but were unsuccessful in the absence of
conspecifics. Given that context-dependent maternal effects manifest in a single generation
(Burke and Carroll, 2017), if an invading mountain pine beetle population is able to produce at
least one brood within a stand then subsequent generations may either continue exhibiting
epidemic behavior when survival is high, or revert to endemic behavior when survival is low.
Mountain pine beetle is considered a generalist of the genus Pinus because, during
epidemics, it causes mortality to most pine species found throughout its historic range (Furniss
and Schenk 1969). Although there is no direct evidence, repeated outbreaks in other pinedominated habitats, such as ponderosa pine forests (Negrón and Popp 2004; Negrón et al. 2008),
supports our conclusion that mountain pine beetles can exhibit endemic host selection in nonlodgepole pine systems. If collapsing mountain pine beetle populations transition to endemic
behavior regardless of host species, then it is the overall availability of the endemic niche within
a forest that determines the likelihood of persistence. In Chapter 2, I found that the endemic
niche in mature jack pine forests was highly constrained due to a paucity of endemic-susceptible
host trees and greater competition from resident sub-cortical insects when compared with
lodgepole pine forests. Thus, endemic persistence may be unlikely in pine stands where endemic
niche conditions are unsuitable even when mountain pine beetle host selection is adaptive.
Further efforts to quantify endemic niche characteristics and long-term observational studies of
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low-density mountain pine beetle populations in non-lodgepole pine forests are required to refine
spread and outbreak risk models.
Insect herbivores with eruptive population dynamics strongly influence the structure and
function of ecosystems where recurrent outbreaks occur (Bale et al. 2002; Schowalter 2012).
Climate and land use change have caused hyper-epidemics that lead to mass dispersal into novel
habitats (Sambaraju, Carroll, and Aukema 2019) and when compatible host species are
encountered the impacts can be severe (e.g. Cudmore et al., 2010; Raffa et al., 2013). The longterm ramifications of such invasions depend on the ability of the herbivore to persist postepidemic and re-erupt in the future. Knowledge of the invader’s life history in the native range
can and should be used to generate hypotheses and predictions regarding the outcomes of novel
trophic interactions and their effects on herbivore population dynamics.
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3.5

Tables and Figures

Figure 3.1 Map of central Alberta showing locations of sampling sites and cumulative mountain
pine beetle aerial detections from 2008-2016. Inset map of western North America shows
mountain pine beetles’ historic range, the recent range expansion, and the distributions of
lodgepole pine and jack pine. Hash marked area demarcates the extents of Figure 3 which
visualizes the sequence of colonization events in jack pine stands.
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Table 3.1 Location, pine species, and mensurational characteristics of 10 stands sampled for mountain pine beetle host selection
behavior in central Alberta. Additionally, reconstructed invasion timelines or estimated number of attacking females per year and
number of trees attacked per year in each stand are shown. Year of arrival was determined from aerial detections (see Figure 3),
number of attacks on each tree was counted or extrapolated from samples taken at 1.3m, and trees were grouped into attack years
based on crown and bark degradation (see Table 2).
Estimated number of attacking femalesᵃ (n trees attacked)
Stand

EDS1
EDS2
SH1
SH2
SLK1
SLK2
LLB1
LLB2
LLB3
LLB4
a

Host species
(Q-value)ᶜ
Lodgepole
(0.03)
Lodgepole
(0.01)
Lodgepole
(0.17)
Lodgepole
(0.16)
Jack
(0.90)
Jack
(0.95)
Jack
(0.99)
Jack
(0.99)
Jack
(0.98)
Jack
(0.98)

Stand
Area (ha)

% Basal
Area Pine

Stems
per ha

Mean
Pine age

Mean
Pine DBH
(cm)

7.5

71

854

106

6.7

85

1090

7.1

69

7.3

2008

2009

2010

2011

2012

2013

2014

29.7

0

0

0

110

24.9

0

0

0

889

152

28.8

0

0

84

1382

160

22.5

0

6.5

78

1238

75

22.9

6.4

100

624

89

10.5

100

481

10.3

100

6.2
7.6

2015

2016

937
(4)
1310
(5)

2341
(6)
229
(2)

0

0

0

1504
(3)
224
(2)
377
(1)

28
(1)
10
(3)
667
(1)

naᵇ

na

na

na

0

0

0

0

0

0

12395
(65)

2978
(23)

1921
(16)

26.5

0

0

0

746
(8)
2116
(7)

479
(6)
368
(4)

512
(6)
362
(6)

10
(2)
24
(2)

872
(4)
192
(2)
1563
(11)
1170
(21)

80

21.7

0

0

0

3 (3)

0

0

0

na

na

732

63

23.4

0

0

0

1 (1)

0

0

0

na

na

100

389

93

25.8

0

0

0

2 (1)

0

0

0

2 (1)

na

100

420

87

28.4

0

0

0

0

0

0

0

97 (8)

na

22 (5)
29 (5)
na
na

: From Safranyik (1988) equation

b

: Beetle population status unknown because surveys were not conducted in that stand in that year

c

: Q-value is a hybridization index developed by Cullingham et al. (2011) where 0 indicates no jack pine genetic ancestry and 1 indicates pure jack pine, value
shown is the mean score of trees sampled within a stand
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Figure 3.2 Diagnostic signs of mountain pine beetle attacks observed in novel pine habitats. Pitch
and frass masses on outer bark of a vigorous (a) and a defensively compromised (b) tree. Note
relatively small pitch mass and unsaturated frass in b. J-shaped maternal galleries under the bark
of a tree that resisted attack (c) and a tree that was successfully colonized (d). Note the larval
galleries, pupal chamber, and pupa in d.

(a)

(c)

(b)

(d)
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Table 3.2 Criteria used to estimate number of years since initial attack by mountain pine beetles
on lodgepole and jack pine trees at 10 stands in newly invaded regions east of the Rocky
Mountains. Assessments were conducted in May – June, prior to emergence of beetles from
currently infested trees. Adapted from Carroll et al. (2006).
Years since initial attack
Criteria

1

2

3

4

5

6

7+

Bark and
phloem

Intact bark
with
remnants of
moist
phloem
surrounding
beetle
galleries

Intact
bark with
desiccate
d phloem
and exit
holes

Loose bark,
visible
cracks with
some
sloughing,
decay fungi
on
remaining
intact bark

Very
loose
bark,
extensive
sloughing,
decay
fungi on
sapwood

No bark
on lower
bole

N/A

N/A

Mountain
pine
beetle

Late instar
larvae,
pupae,
teneral
adults
present

N/A

N/A

N/A

N/A

N/A

N/A

Foliage
and
Branches

Intact crown
with foliage
fading from
green to
yellow

Red
foliage,
>60%
needle
retention

Red foliage
fading to
grey, <20%
needle
retention

Grey
foliage,
<5%
needle
retention

No
foliage,
tertiary
branches
shed

No
foliage,
only large
primary
branches
remain

No
branches,
broken
tops
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Table 3.3 Putative vigor-impairing conditions affecting lodgepole pine and jack pine trees
attacked by mountain pine beetles within ten stands in Alberta. Adapted from Carroll et al.
(2006)
Injury
Broken top
Scarred bole
Thin crown
Leaning
Suppressed
Dwarf mistletoe
Pathogens

Description
Main stem broken with greater >1m of crown detached
Damage to main stem that penetrated the bark resulting in callous tissue
Crowns missing at least 50% of potential foliage or foliage visibly discolored
Standing trees with visible uprooting due to wind
Living trees overtopped by dominant canopy trees
Infection by Arceuthobium sp.
Fungal infection
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Figure 3.3 Time series of mountain pine beetle aerial detections in jack pine forests of centraleastern Alberta. Top: No activity in 2007. Middle: Invasion front arrives in Slave Lake region
in 2008, initial attack year for stand SLK1. Bottom: Large eastward pulse in 2011, initial attack
year for stands SLK2, LLB1, LLB2, and LLB
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Table 3.4 Residual deviance table for final logistic regression model showing deviance reduced
by each explanatory variable in the model.

Null model
N attacking females
Forest Type
Interaction (NAF*FT)

Degrees of Residual degrees
freedom
of freedom
31
1
1
1

30
29
28

Residual
deviance
115.6

P-value

56.7
39.1
30.9

<0.0001
<0.0001
0.004
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Figure 4.4 Generalized linear model (link=logit; probability distribution=binomial) showing the
relationship between population size and probability of endemic host selection behavior (attacks
of defensively compromised trees previously colonized by other, secondary bark beetle species)
in jack pine stands (a) and lodgepole pine stands (b). Solid lines are modelled best fit trendlines, and grey bands are 95% confidence intervals. Points show raw input data, the proportion
of attacked trees in a stand in a year that were endemic susceptible (i.e., injured, moribund, and
under attack by secondary subcortical insects).

(a)

(b)
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Chapter 4: Novel top-down trophic interactions constrain the endemic niche
of a native invasive herbivore: mountain pine beetle in the western boreal
forest
4.1

Introduction

As the ranges of many species are shifting in response to climate change (Parmesan 2006;
Parmesan and Yohe 2003), they are also responding to novel limiting factors within the
expanded range (eg., Davis et al. 1998; Kearney and Porter 2009) such as variation in
depredation by natural enemies (Agosta and Klemens 2008). For example, range expansions by
invasive species may be facilitated by reductions in mortality due to differences in the number or
abundance of natural enemies in novel the invaded versus native range (‘enemy release
hypothesis’; Keane and Crawley 2002). However, models of range expansion tend to assume
little to no variation in mortality due to natural enemies (Lantschner, de la Vega, and Corley
2019; Safranyik et al. 2010). Here, we test whether predator-induced mortality by woodpeckers
(Picidae, Aves) on Mountain Pine Beetles differed (i) in the native versus invaded ranges of
beetles to develop more realistic predictions regarding the long-term consequences of climate
warming on the distribution and abundance of mountain pine beetles, Dendroctonus ponderosae
(Kearney and Porter 2009; Menéndez et al. 2008; Jiménez-Valverde et al. 2011).
Mountain pine beetles are a native agent of biotic disturbance in pine forests of western
North American, and currently expanding their range and severity of hyper-epidemic outbreaks
due to climate warming (Sambaraju, Carroll, and Aukema 2019). Mountain pine beetles are
currently established in lodgepole and jack pine forests well outside the historic range and
contiguous with the transcontinental boreal forest, wherein jack pine are common (Cullingham et
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al. 2011). Experiments and observation indicate that jack pine and several other eastern pine
species are suitable as hosts for mountain pine beetles, raising concerns about its continued
expansion (Cerezke 1995; Rosenberger, Venette, and Aukema 2018). As a result, several formal
risk assessments (Nealis and Cooke 2014; Bleiker et al. 2019; Cooke and Carroll 2017), a large
review (Safranyik et al. 2010), and several smaller studies (Erbilgin et al. 2014a; Taft et al. 2015;
Rosenberger, Venette, and Aukema 2018) have attempted to quantify the risk of boreal range
expansion.
A major assumption in assessments of the risk of spread by the mountain pine beetle
through the boreal forest is that top-down constraints associated with natural enemies will be
similar to those of the native range because most of the important predators and parasitoids are
generalists with transcontinental distributions (Safranyik et al. 2010). There is, however, little
empirical evidence to support this assertion, particularly for interactions between mountain pine
beetle and avian predators such as woodpecker species in the expanded range. Additionally, this
assumption considers only epidemic-phase mountain pine beetle populations, ignoring the
growing evidence for a distinct suite of trophic constraints associated with endemic-phase
populations (Safranyik and Carroll 2006; Boone et al. 2011; Burke and Carroll 2017). Here, we
address this uncertainty by quantifying woodpecker predation pressure on (i) endemic mountain
pine beetle populations in native and novel habitats, and (ii) epidemic populations in two novel
pine habitat types: evolutionarily naïve lodgepole pine and western boreal jack pine.
Woodpeckers cause direct mortality to subcortical insects, including mountain pine
beetle, by consuming larvae, pupae, and adults under the bark and indirect mortality by
puncturing or removing areas of bark which promotes desiccation of the subcortical environment
(Dahlsten 1982; Amman and Cole 1983; Fayt, Machmer, and Steeger 2005). Openings in the
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bark created by woodpecker foraging are also used by invertebrate predators and parasitoids to
access the subcortical habitat (Otvos 1979). Studies of interactions between woodpeckers and
mountain pine beetles in lodgepole pine forests have focused on epidemic-phase beetle
populations (Fayt, Machmer, and Steeger 2005; Safranyik and Carroll 2006), where the
preferential aggregation of individual beetles (i.e., mass attacks) can have the effect of increasing
the food value of large, infested trees (Koplin 1969; Koplin and Baldwin 1970). Woodpeckers
feed heavily on such trees, reducing larval survival by up to 50% (Safranyik and Carroll 2006),
and tend to avoid trees where beetle colonization is unsuccessful or larval size and density is
low. Although woodpeckers often show functional responses to prey density , it is generally
assumed that mortality due to woodpeckers feeding on mountain pine beetles has negligible
effects during outbreaks due to rapid and spatially synchronous growth in populations at the
landscape scale (Berryman 1978; Hoyt and Hannon 2002; Rota et al. 2015). Additionally, long
generation time and territoriality can limit numerical responses in woodpeckers (Berryman 1978;
Edworthy, Drever, and Martin 2011). However, no empirical studies have asked whether
woodpeckers may impose limits on mountain pine beetles in their endemic phase, and as a
consequence hold endemic populations at low densities in pine forests (Safranyik and Carroll
2006).
The feeding habits of predatory species with trans-continental distributions change with
the composition of local prey communities (Harwood and Obrycki 2005). Several species of
woodpeckers that feed on mountain pine beetles in British Columbia are common in recently
invaded areas and throughout the boreal forest (e.g., hairy (Leuconotopicus villosus), downy
(Dryobates pubescens), black backed (Picoides arcticus), and North American three toed
(Picoides dorsalis); Shunk2016). Although the same woodpecker species are present,
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woodpecker populations in the expanded range are adapted to prey assemblages that did not
historically include mountain pine beetle. It is currently unclear how regional feeding habits
may affect this novel predator-prey interaction. Given that woodpeckers are opportunistic
generalists of sub-cortical insects and exhibit rapid responses to pulses in local insect availability
(Fayt, Machmer, and Steeger 2005), including invasive species such as the emerald ash borer
(Lindell et al. 2008; Jennings et al. 2013), we hypothesized that inexperience with a particular
prey species does not affect functional responses by woodpeckers. Based on this hypothesis, we
predicted that interactions between woodpeckers and mountain pine beetles would be similar in
native range and novel pine forests. Specifically, we predicted that in the native and novel range
of mountain pine beetle i) woodpeckers will avoid foraging in stands with mountain pine beetles
in their endemic phase because infested trees in such areas typically contain low densities of
small-bodied larvae which are unattractive to woodpeckers, and ii) woodpeckers will be attracted
to mountain pine beetle mass attacks that result in tree death and brood production and will
devote more foraging effort to trees with greater larval density.

4.2
4.2.1

Methods
Data Collection

Interactions between woodpeckers and mountain pine beetles were assessed in 15 pine stands (6
native range lodgepole pine, 4 expanded range lodgepole pine, and 5 jack pine) forming an eastwest transect across the beetle’s native range in central British Columbia, over the Rocky
Mountains to eastern Alberta (expanded range (Figure 4.1). A set of candidate stands was
specifically selected to represent habitats suitable for mountain pine beetles i.e., mature (>75
years old), large DBH (diameter at breast height >20 cm), and pine leading (tree species
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composition > 50% pine) stands (Shore, Safranyik, and Lemieux 2000; Nelson et al. 2007). To
target endemic-phase mountain pine beetle populations, only stands situated at least 5 km from
active infestation centers, as determined from aerial overview surveys from the year preceding
sampling, were selected for further study (BC FLNRORD, 2019b; AAF 2019b). Additionally,
any candidate stands found to have been affected by mountain pine beetle management activities
(felling and burning of infested trees or pheromone baits) were eliminated from the study.
Within each stand a 25x50m grid was created to ensure equal sampling throughout the
stand and spatial referencing of trees of interest, and then all pine trees (living and dead) therein
were inspected for signs of bark beetle infestation, i.e., entrance holes, frass, pitch tubes, brood
exit holes, and egg galleries (Figure 4.2a-c). All bark beetle-attacked trees were measured to
determine their height, DBH and the occupant species were identified by diagnostic gallery
patterns and adult specimens when possible (see Safranyik and Carroll 2006; Chapter 2). The
presence of other subcortical insects, specifically woodboring beetles, was also noted as
indicated by sapwood scoring, coarse frass, and exit holes (Figure 4.2b). Woodpecker feeding
pressure on attacked trees (proportion of bole foraged and debarked) was assessed visually using
the methods of Bergvinson and Borden (1992). Areas of bark that had been flaked away
exposing the phloem and sapwood or holes drilled through the bark deeper into the sapwood
were the primary visual cues (Figure 4.2d, e, f). Surveys were conducted in two to four stands in
the summers of 2002 and 2003 in the native range (i.e., before being overrun by the
hyperepidemic) and 2014, 2015, and 2016 in novel pine habitats following range expansion.
Bark beetle-attacked trees in each stand were divided into four categories: 1) trees
attacked concurrently by mountain pine beetle and secondary bark beetles (i.e., non-aggressive
species that preferentially colonize defensively impaired trees), 2) trees attacked by secondary
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bark beetles alone with areas of intact phloem under the bark, 3) trees attacked by secondary
bark beetles that were completely dead with no intact phloem, and 4) trees attacked solely by
mountain pine beetles (both living and dead). Category 1 trees or endemic mountain pine beetle
attacks, as defined by Safranyik and Carroll (2006), were rare and completely absent in some
stands (see Chapter 3 for details). Category 2 trees or trees susceptible to endemic mountain
pine beetle attacks, as evidenced by successful secondary bark beetle infestations (Safranyik and
Carroll 2006; Chapter 2), were common in all stands. Therefore, category 1 and 2 trees in each
stand were combined to represent the niche available to endemic mountain pine beetles.
Category 3 trees were not considered to be part of the endemic niche because they had decayed
beyond the point of being functional reproductive substrate for mountain pine beetles. The
amount of flaking or drilling on endemic niche trees was generally low and diffuse and not easily
estimated, leading us to record woodpecker foraging as either present or absent for trees in this
category.
Category 4 trees were considered epidemic mountain pine beetle attacks regardless of
attack density. All category 4 trees were sampled for height, DBH, attack height (length of the
main stem where pitch tubes were visible), and number of attacking beetles. The number of
attacking beetles, as evidenced by pitch tubes or entrance holes, was counted when less than 50
were present. For mass attacks with >50 attack starts, attack density was measured by holding a
15x15cm square of clear plastic at breast height and counting the number of pitch tubes or
entrance holes (Figure 4.2d) inside the square. Attack density was recorded as the average of
two such measurements taken on opposite sides of the tree. Total attacks on a tree were then
estimated using the equation from Safranyik (1988).
𝑇𝑎 = 129.2189 (𝑋𝑎0.2964 )(𝐷1.7665 )(𝐻𝑖 0.9430 )

(1)
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where Xa is attack density, D is DBH in m, and Hi is attack height in meters. Category 4 trees
were considered as successfully mass attacked if the tree was dead and/or evidence of successful
reproduction was observed under the bark. Trees that exhibited vigorous defensive responses
(Figure 4.2c), were still alive at the time of sampling and had no evidence of reproduction were
considered unsuccessful mass attacks.
4.2.2

Statistical Analyses

All statistical analyses were performed in R (R Core Team 2013). Mixed-effects logistic
regression models with woodpecker foraging as a binomial response variable were used to
investigate which factors affected the probability of woodpecker foraging on an endemic-niche
tree (lme4: Bates et al. 2015). The full model included forest type, DBH, presence/absence of
woodborer larvae, and their interactions as fixed effects. A random intercept term was also
included because of the hierarchical sampling structure of trees within stands but was dropped
after a likelihood ratio test comparing model fits with and without the random effect indicated it
was not significant (Chi² = 1.0025, DoF = 1, p-value = 0.3167). Similarly, a likelihood ratio test
indicated model fits with all interactions and no interactions were not significantly different (Chi²
= 6.8545, DoF = 3, p-value= 0.07668), so all interactions were dropped.
Contingency tables were used to examine whether or not woodpeckers in novel habitats
accurately differentiate between mountain pine beetle mass-attacked trees with and without
larvae. A four-celled contingency table with mass attack success or failure and presence or
absence of woodpecker foraging was made for each forest type by combining stand level counts.
Each table was analyzed with a Chi² test.
Woodpecker functional response in relation to mountain pine beetle population size was
examined at the stand level using a Poisson regression model (lme4: Bates et al., 2015). The
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count of successful mountain pine beetle mass attacks within a stand, forest type, and their
interaction were included as predictor variables and the count of successful mass attacks foraged
by woodpeckers in a stand was the response. Normally Poisson models include a log link
function; however, preliminary visualizations suggested a linear relationship therefore an identity
link function was used instead. A likelihood ratio test indicated that forest type and the
interaction term were not significant and were dropped (Chi² = 0.14804, DoF = 2, p-value=
0.9287). The final model was checked and did not exhibit overdispersion (Z = -3.7591, p-value=
0.9999).
Mixed-effects beta regression models were used to test the prediction that greater
foraging effort would occur on higher quality resources by assessing the relationship between the
number of mountain pine beetle attack starts on a successful mass attack and the proportion of
stem surface area debarked by woodpeckers. Beta regression (Cribari-Neto and Zeileis 2010)
was implemented as it is designed to accommodate response variables that are proportions ;
however, it does not allow response values of zero or one, and therefore the transformation
suggested by Smithson and Verkuilen (2006) was applied:
𝑦 ∗ = (𝑦(𝑛 − 1) + 0.5)/𝑛

(2)

where 𝑛 is the sample size and y* is the response variable (proportion of stem surface area
debarked). The full model fit using glmmTMB (Magnusson et al. 2017), included number of
attack starts, forest type, and their interaction as fixed effects and stand was included as a random
intercept to account for non-independence of individual tree measurements. The full model was
run with and without the random intercept and a likelihood ratio test found the random effect to
improve model fit slightly but significantly (Chi² =4.35, p-value = 0.0375). Including the forest
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type and number of attack starts × type interaction terms did not significantly improve model fit
and were dropped (Chi² = 2.5382, DoF = 2, p-value = 0.2811).
4.3
4.3.1

Results
Top-down constraints to the endemic niche

Six distinct stands comprising ~92 hectares of lodgepole pine forest were surveyed over 2 years
within the native range of the mountain pine beetle. Within these stands, 749 trees susceptible to
endemic mountain pine beetle (i.e. infested by secondary insects and exhibiting multiple vigor
impairing conditions), including 40 trees with current endemic attacks, were sampled, yet none
were foraged by woodpeckers. In contrast, 15 out of 250 (6%) novel lodgepole pine and 34 out
of 121 (28%) jack pine endemic-susceptible trees, in four and five stands respectively, exhibited
evidence of woodpecker foraging. The absence of woodpecker foraging in native range stands
lead to only including expanded range data in subsequent statistical analyses. Only two endemic
attacks were present in expanded range stands at the time of assessment, both were in jack pine.
One did not result in successful brood production and the other was successful and foraged by
woodpeckers. Similarly, the limited sample size of endemic attacks in the expanded range and
lack of woodpecker foraging in the native range precluded statistical analysis.
The probability of woodpecker foraging on an endemic-niche tree was positively
correlated to DBH (Chi²=13.9, p-value = 0.0002) in a logistic fashion (Figure 4.3). The most
significant factor influencing this relationship was the presence of woodboring beetle larvae in a
tree (Chi²=45.9, p-value < 0.0001), which increased probability of woodpecker foraging across
the sampled range of tree DBH. Overall, 61% of endemic-susceptible trees foraged by
woodpeckers in novel habitats contained woodborer larvae. Forest type had a smaller but
significant effect on the intercept (Chi²=6.176, p-value = 0.0129) of logistic probability curves
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(Figure 4.3). Major differences in the endemic niche between forest types included overall
abundance of endemic susceptible trees and prevalence of woodborers in lodgepole (16 out of
250) and jack pine stands (39 out of 121) (see Chapter 2 for more detail). Overall, endemic
susceptible trees<25cmDBH and lacking woodborers were the least likely to be foraged and
larger DBH trees containing woodborers were the most likely to be foraged in both forest type.

4.3.2

Top-down constraints on epidemic mountain pine beetle

No recent mass attacks were detected during surveys in the native range lodgepole pine stands,
but 180 were detected in the expanded range stands (see Chapter 3 for details). Our prediction
that woodpeckers in the expanded range accurately differentiate between successful and
unsuccessful mass attacks was supported as woodpecker foraging was highly dependent on mass
attack success in both forest types (Table 4.1). Of the 180 mountain pine beetle mass attacks
detected in expanded-range pine stands, 135 resulted in tree death and of these 115 showed
evidence of woodpecker foraging. Unsuccessful mass attacks were ignored while 84% and 90%
of successful mass attacks were partially debarked in jack pine and lodgepole pine stands
respectively (Table 4.1). The number of debarked mass attacks in a stand increased linearly with
number of successful mass attacks (Figure 4.4). In one jack pine stand, 85 of 99 successful mass
attacks were foraged suggesting woodpeckers not only altered foraging behavior to focus on
successful mass attacks but aggregated in response to increasing mountain pine beetle population
size (Figure 4.4).
In support of our final prediction that woodpeckers devote more foraging effort to higher
quality food resources, despite inexperience with mountain pine beetle as a prey item, the
proportion of surface area foraged on a successful mass attack was dependent on the number of
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beetles that attacked a tree (Chi²=11.188, p-value = 0.0008, Figure 4.5). Although there was no
difference in this relationship between forest types, stand to stand variability in the intercept was
considerable (S.D. = 0.4986). This value suggests that in 95% of unsampled stands the mean
percent of bole area debarked by woodpeckers on a low-density mass attack (100 attack starts)
would be between 12% - 50% and for a high-density mass attack (1000 attack starts) 49% - 87%
(Figure 4.5). Within sampled stands the proportion of the infested bole debarked was highly
variable for trees with <400 attack starts, ranging from trace amounts (<1% of attacked surface
area) to complete stripping (>90% of surface area (Figure 4.5). Trees with more than 500 attack
starts consistently exhibited 40-80% debarking (Figure 4.5).

4.4

Discussion
There was no evidence of predation by woodpeckers on mountain pine beetles in stands

infested by endemic phase populations in the native range. In contrast, signs of woodpecker
foraging on endemic-susceptible trees were common stands in newly invaded areas east of the
Rocky Mountains. Interestingly, woodpeckers foraged more extensively on the endemic niche in
western boreal jack pine stands than in novel lodgepole pine stands. A potential cause of this
difference may be due to increased niche overlap between bark beetles and woodboring beetles
in jack pine ecosystems (see Chapter 2). Indeed, the presence of woodborers was the best
predictor of woodpecker foraging activity in the newly invaded pine habitats. This implies that
trees containing only bark beetles were less attractive to woodpeckers than trees containing both
types of prey, as also reported by Hoyt and Hannon (2002) and Rota et al. (2015). Consequently,
depredation of woodborers by woodpeckers can be expected to increase direct mortality to
endemic-phase beetles when encountered as prey and may also increase indirect causes of
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mortality by creating openings in the bark that increase sub-cortical desiccation and attract
invertebrate predators and parasitoids (Otvos 1979).
As predicted, lack of experience with mountain pine beetle epidemics did not result in
maladapted behavioral responses from woodpecker species in the expanded range. Epidemic
mountain pine beetle infestations in all expanded range stands were heavily preyed upon by
woodpeckers and foraging patterns were similar to what would be expected in the native range
(Amman and Cole 1983; Safranyik and Carroll 2006). Foraging only occurred on trees that
contained larvae, and more effort was devoted to trees containing higher prey density. The
amount of woodpecker foraging in a stand was correlated with mountain pine beetle population
size suggesting larger infestations attracted multiple woodpeckers. This goes against the widely
held assumption that territoriality prevents aggregation in woodpeckers. There is a growing
body of evidence that suggests the assumption of territoriality is false, as aggregation during
pulses of insect abundance associated with fires and other insect outbreaks have been
documented (Murphy and Lenhausen 1998; Fayt, Machmer, and Steeger 2005). Interestingly,
there was no discernable difference in woodpecker – epidemic mountain pine beetle interactions
in newly invaded lodgepole versus jack pine stands. This suggests other inexperienced
woodpecker populations throughout the boreal forest will also exert significant feeding pressure
on invading mountain pine beetle populations.
The long-term consequences of mountain pine beetle range expansion into the boreal
forest depend on post-epidemic persistence of endemic-phase populations (Safranyik and Carroll
2006; Safranyik et al. 2010; Cooke and Carroll 2017). Endemic populations in the native range
are not exposed to avian predation because the endemic niche is comprised of trees containing
low densities of small secondary bark beetle larvae, which are low quality prey items (Safranyik
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and Carroll 2006). Endemic niche trees in jack pine ecosystems are less abundant and more
likely to contain woodboring beetle larvae (see Chapter 2), which are larger and preferred prey
for several woodpecker species including the black-backed woodpecker (Hoyt and Hannon 2002;
Rota et al. 2015). Avian predators foraging for co-habitant woodborer larvae are a novel topdown constraint on endemic mountain pine beetles in the expanded outbreak range. Generation
mortality of endemic beetles in the native range is estimated to be ~98 %, the level necessary for
population size to remain static (Safranyik and Carroll 2006). If similar baseline mortality is
present in jack pine habitats, then even small amounts of additional mortality from avian
predation may be sufficient to cause localized extirpation.
Projecting range shifts in a warming environment is now a central topic in the field of
ecology. A major criticism of species distribution models used to extrapolate future ranges is
that few include predictor variables describing biological interactions (Davis et al. 1998; Elith
and Leathwick 2009; Castagneyrol et al. 2016). Models that address variability in top-down
regulation by natural enemies are even rarer (Lantschner, de la Vega, and Corley 2019). Such
omissions are sometimes justified by qualitatively comparing the natural enemy assemblages in
historical and novel habitats, if the assemblages are similar then it is assumed that equivalent
interactions will occur (Safranyik et al. 2010). Our data suggest this assumption is not always
accurate. The same generalist natural enemies may be present in invaded habitats but prey
seeking behavior adapted to local prey assemblages can change the outcome of interactions with
migrant species (Menéndez et al. 2008). These findings highlight how observational studies of
migrant species in novel habitats can be used to address knowledge gaps, test assumptions, and
parameterize variability of biological interactions in the next generation of predictive models.
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4.5

Tables and Figures

Figure 4.1 Map of the historic and recently expanded outbreak range of mountain pine beetle
and the distributions of lodgepole pine, the primary host species and jack pine, a novel host
species (from Little 1971).
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Figure 4.2 Diagnostic signs of bark beetle attacks and woodpecker foraging observed in novel
pine habitats. Secondary bark beetle entrance hole and frass on outer bark of an endemic
susceptible tree (a). Sapwood scoring and coarse frass indicative of woodboring beetle larval
feeding(b). Resisted mountain pine beetle mass attack c), note pitch masses and over-bark resin
flow. Successful mass attack partially debarked by woodpeckers (d) and debarked individual
mountain pine beetle gallery (e). Evidence of woodpecker foraging for woodborers (f), arrows
indicate where holes are drilled through bark and into sapwood.

a)

b

c)

)

d
)

e)

f)
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Table 4.1 Contingency tables showing the dependence of woodpecker foraging on the success or
failure of mountain pine beetle mass attacks in combined data from 4 lodgepole and 5 jack pine
stands, with results of Chi² tests of independence.

Attack status
Chi-square test

Tree killed
Tree not killed

Jack pine
Foraged
Not foraged
95
18
0
39
p=<2.2^-16

Lodgepole pine
Foraged
Not foraged
20
2
0
6
p=0.0001
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Figure 4.3 Relationship between mountain pine beetle endemic-susceptible tree DBH at breast
height and the probability of woodpecker foraging in jack pine stands (a) and lodgepole pine
stands (b) in Alberta. Separate curves are shown for trees with (blue) and without (red)
woodborer beetle larvae

(a)

(b)

82

Table 4.2 Residual deviance table for final logistic regression model of factors influencing the
probability of endemic-susceptible trees being foraged by woodpeckers. Showing deviance
reduced by each explanatory variable retained in the model.

Null model
Woodborer presence
Forest type
DBH

Degrees of Residual degrees
freedom
of freedom
370
1
1
1

369
368
367

Residual
deviance
289.6

P-value

219.5
210.4
196.4

<0.0001
0.0129
0.0002
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Figure 4.4 Relationship between the number of successful mass attacks found in a pine stand
and the number of mass attacks foraged by woodpeckers in that same stand. Line and shading
indicate fit and 95% confidence interval from Poisson regression with identity link function.
Note stands from both forest types fall on the same trendline indicating no difference in
predation pressure among forest types.
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Figure 4.5 Relationship between number of attacking mountain pine beetle females per tree and
proportion of stem de-barked by woodpeckers. Bold line indicates marginal model estimates
from the final mixed effects beta regression model and thin lines show predicted stand to stand
variability. Each point is an individual tree successfully mass attacked by mountain pine beetle.
Only stands with more than one successful mass attack were included in this analysis.
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Chapter 5: Conclusion
5.1

General Conclusions

Range expansions by eruptive species become more likely when propagule pressure and
reproductive rates are high (Simberloff 2009), but lasting impacts require that they can persist as
sub-outbreak or endemic populations in newly colonized habitats. Where endemic populations of
eruptive species become naturalized in novel habitats, they are also likely to alter disturbance
regimes thereafter (Simberloff 2006). The potential for naturalization is not only dependent on
the presence of favorable climate and suitable host species in the novel range but also the
ecological components that comprise biotic resistance (Nunez-Mir et al. 2017). By quantifying
multiple biotic interactions that are critical to the survival of endemic-phase mountain pine
beetles, I was able to demonstrate that jack pine ecosystems in the western Boreal Forest are less
suitable for endemic persistence than lodgepole pine ecosystems. These results suggest that
novel interactions can play an important role in mediating range expansions driven by climate
change.

5.2
5.2.1

Key Findings
Chapter 2

The endemic niche available to mountain pine beetle in western boreal jack pine stands is less
suitable than in co-evolved lodgepole pine and novel lodgepole pine stands in terms of resource
abundance and competitive interactions. Jack pine stands contained fewer trees susceptible to
low density bark beetle attacks, 1-3/ha, compared to 5-10/ha in co-evolved lodgepole pine and
novel lodgepole pine stands. Susceptible host abundance was correlated with the amount of
inter-tree competition within a stand, as measured by SDI, which was consistently lower in jack
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pine stands. Most endemic susceptible trees in jack pine stands were occupied by woodboring
beetle species (Tetropium and Monochamus spp.; Coleoptera: Cerambycidae), and the presence
of woodborers was associated with higher within-tree phloem consumption further constraining
resources to endemic mountain pine beetles. Woodborer larvae have been shown to be
facultative intraguild predators of bark beetles in other systems (Dodds, Graber, and Stephen
2001) and may also cause direct mortality to endemic mountain pine beetles in addition to
consuming phloem.
The niche for endemic mountain pine beetle was similar in both novel lodgepole pine and
co-evolved lodgepole pine; however, there were several important differences worth noting.
First, Pseudips mexicanus, the most common secondary bark beetle and putative facilitator for
endemic mountain pine beetle in co-evolved lodgepole pine (Smith, Carroll, and Lindgren 2011)
was absent in novel lodgepole pine and jack pine stands. Second, the same highly competitive
woodborers observed in jack pine stands were present in all novel lodgepole pine stands, albeit
occupying a smaller proportion (5-18%) of endemic susceptible trees. Finally, there were
significantly more endemic susceptible trees with severe wind damage in novel lodgepole pine,
3-8/ha compared to co-evolved lodgepole pine, <1/ha. Healthy trees that suffer acute trauma,
which renders them defenseless, are ideal resources for endemic mountain pine beetles and
thought to be crucial for transitioning the species from its endemic to incipient epidemic phase
(Bleiker et al. 2014). Thus, endemic mountain pine beetles are expected to persist in native and
novel lodgepole pine habitats but may have a higher propensity to erupt in the expanded range
due to increased availability of high-quality hosts generated by windthrow events.
My results advance understanding on the factors potentially affecting the persistence of
mountain pine beetles in their expanded outbreak range. Jack pine stands in Alberta are less
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suitable than co-evolved lodgepole pine and novel lodgepole pine stands for both epidemic and
endemic phase mountain pine beetle populations. These observations suggest that the western
boreal forest may represent a population sink for mountain pine beetles. Conversely, the overall
similarity of the niche in co-evolved lodgepole pine and novel lodgepole pine suggests endemic
persistence is likely in Alberta and that novel lodgepole pine forests on the eastern slopes of the
rocky mountains will act as source populations for recurrent periods of eastward spread.
5.2.2

Chapter 3

The same population density dependent shift in host selection behavior that facilitates endemic
persistence in the native range was observed in evolutionarily naïve lodgepole pine and western
boreal jack pine stands. Expression of endemic behavior, however, appears to be controlled by
maternal effects or the condition of the previous generation, as suggested by Burke and Carroll
(2017). Beetles arriving in a stand after dispersing from an epidemic source population
consistently selected hosts that were well defended, regardless of the number of arriving beetles.
In stands where the immigrant density was too low to mass attack successfully, this resulted in
extirpation. Only after populations collapsed over the course of multiple generations did beetles
begin to exhibit preferential selection of moribund or damaged host trees consistent with
endemic-phase behavior. An inverse trend was observed by Boone et al. (2011) in growing
mountain pine beetle populations where the defensive capacity of selected trees increased
gradually as outbreaks progressed. This result has important ramifications for modelling future
spread of mountain pine beetle as it demarcates a threshold for minimum founding populations.
Expression of endemic behavior is not a guarantee of persistence if there is not a suitable
niche to occupy. As noted in Chapters 2 & 4, endemic-susceptible trees in western boreal jack
pine stands are scarce and frequently occupied by highly competitive woodboring beetle species
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that attract woodpeckers. These constraints suggest a lower carrying capacity for endemic
beetles in jack pine, such that mountain pine beetles may be functionally extirpated following the
collapse of the current epidemic. As illustrated by Cooke and Carroll (2017), endemic
populations in the native range must grow to a density of 300-600 beetles/ha in order to
transition to the incipient-epidemic phase. Scattered, low-density populations may persist in jack
pine habitats, but the constrained niche is unlikely to support the numbers necessary to outbreak.
5.2.3

Chapter 4

A pervasive assumption in models of mountain pine beetle spread is that interactions with natural
enemies will not be significantly different in the expanded outbreak range because the same
generalist predators and parasitoids are present (Safranyik et al. 2010). However, woodpecker
populations without prior experience with mountain pine beetles in Alberta exhibited the same
functional responses to increasing epidemic mountain pine beetle populations as have been
documented in the native range, indicating a potential role in the suppression of endemic-phase
mountain pine beetles. However, interactions between woodpeckers and endemic mountain pine
beetles differed regionally.
In lodgepole pine stands in BC, there was no evidence woodpeckers foraging on trees
susceptible to endemic-phase beetles, likely due to endemic and secondary bark beetle attacks
being poor quality resources containing few and small larvae. The novel competitive association
between endemic mountain pine beetle and woodboring beetle species in jack pine stands
significantly increased the probability of endemic mountain pine beetles being affected by
woodpeckers foraging for large woodborer larvae. Thus, the endemic niche in jack pine is
defined by a paucity of susceptible trees, high competition for phloem with woodboring beetle
larvae, and increased risk of being consumed or exposed to the elements by foraging
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woodpeckers. In combination, these factors may prevent the establishment and spread of
endemic-phase populations in the Boreal Forest. If true, then over the next 5-10 years
pheromone trapping programs in jack pine forests will stop detecting low-density populations,
signifying a range retraction. This result suggests that maintaining extant natural enemy
assemblages may provide a form of biotic resistance and limit the impact of native invasive
species.

5.3

Limitations of Research

The potential importance of interactions between woodboring and endemic-phase beetles was
not anticipated at the outset of my work. As a result, my sampling protocol did not lead me to
identify woodborers to the species level. It is possible to find all life stages of bark beetles in the
bark and phloem tissues of attacked trees, including adults which allow for accurate
identification. In contrast, only the larvae of woodborers are found in phloem as adult
woodborers lay eggs on the bark surface and adults mature deep in woody tissue prior to their
emergence. Identifying larvae to species level was therefore not possible, leaving most IDs at
the genus level. In future, logs harvested and dissected for phloem utilization analysis (Chapter
2) could be stored in rearing cages to ID adults on emergence; but in this case all samples were
autoclaved prior to dissection. Destructive sampling of infested logs may also have caused me to
underestimate woodborer impacts on bark beetles. Because woodborers have longer life cycles
than bark beetles (eg., Akbulut and Stamps 2012), destructively sampling may have precluded
some of the competitive interactions that would have occurred among beetles in nature.
One objective of this research was to sample lodgepole x jack pine hybrid stands for
comparison with pure lodgepole and jack pine habitats. Four stands were located where
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significant hybridization was expected based on the work of Cullingham et al. (2011), however,
phenotypic traits and genetic analysis indicated there was limited hybridization at these sites.
Indeed, all but one stand east of the Rocky Mountains technically comprised hybrid pine, but
with genetics heavily skewed towards one species or the other. This prompted me to classify
stands as either lodgepole or jack pine, even with genetic evidence suggesting otherwise.
Broader sampling efforts also found that stands with genetic introgression near 50:50 are rare
within the hybrid zone, suggesting such stands may be unimportant as a habitat type for
mountain pine beetles (Cullingham et al. 2012; I. Burns et al. 2019).
Chapters 2, 3 and 4 would have been stronger if quantification of the defensive capacity
and monoterpene profiles of trees (endemic susceptible and healthy) was possible. There was
likely variation in defensiveness among trees considered to be endemic susceptible, and resin
chemistry could have augmented genetic analysis of hybridization. However, Boone et al.
(2011) clearly demonstrated consistent lower defensive capacity in trees occupied by secondary
bark beetles via comparative chemical analysis of defensive resin. Therefore, detailed chemical
analyses were not needed to test my central hypotheses and predictions.
5.4

Future Directions

The results of Chapter 2 indicate that western boreal jack pine habitats may be unsuitable for
supporting the persistence of endemic phase beetles, but whether this is the case in the remainder
of the Boreal Forest remains unclear. Further east the volume and connectivity of jack pine
forests increases (Safranyik et al. 2010) and growing conditions may allow for mature closed
canopy stands rather than the open woodlands observed at my study sites. Replicating the
surveys described in Chapter 2 throughout the range of jack pine would be useful for spread risk
modelling should the epidemic invasion front progress into these areas. Additionally, the
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competitive subcortical insect communities in these areas are not well described. Quantification
of the endemic niche in boreal jack pine may also be useful in light of the northward range
expansion of southern pine beetle. Finally, our results indicate SDI is a useful metric to predict
endemic niche suitability within a mature pine stand, replicating our sampling protocol in jack
pine stands across the boreal and other pine habitats is the only way to test this assertion.
The endemic behavior described in Chapter 3 suggests mountain pine beetle is able to
differentiate between vigorous and defensively compromised host trees even when interacting
with a novel host species. If mountain pine beetle is able to make adaptive host selection
decisions based on population density derived cues in many Pinus spp. then its potential as an
invasive species is further elevated. This behavioral plasticity should be assessed via
experimentation with other novel host species. Natural populations of endemic beetles are rare
and difficult to manipulate, however, Burke and Carroll (2017) showed that endemic behavior
can be stimulated by rearing beetles in isolation. Such beetles could be exposed to diets
amended with monoterpene blends modelled on the profiles of important commercial pine
species to determine if the same propensity to select low concentrations occurs.
As stated in Section 5.3 the importance of woodborers as competitors of endemic
mountain pine beetles was a major discovery and there remain several aspects of this novel
relationship that require further investigation. First, the identity, diversity, and abundance of
species in the expanded outbreak range and further east in the boreal forest should be
investigated. Second, only exploitation competition and increased likelihood of attracting avian
predators were documented in this study. Woodborers carry their own microbiome of fungi,
mites, and bacteria that may directly interfere with the development of co-habitating mountain
pine beetles or their mutualist fungal associates (Pimentel et al. 2014). This aspect should be
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considered in future research. Third, the possibility of facultative intraguild predation by
woodborer larvae on mountain pine beetle was not considered. This was observed anecdotally in
the logs dissected in Chapter 2 but further quantification of this source of mortality would be
beneficial.

5.5

Management Implications

Management of mountain pine beetle is almost entirely reactive (Carroll, Shore, and Safranyik
2006). Once an epidemic is underway, tree mortality is closely monitored via aerial overview
surveys and mortality centers are treated by falling and burning currently infested trees.
Pheromone baits are also widely used to track and monitor beetle populations. When mountain
pine beetle populations erupt synchronously across landscapes, as occurred in BC in the early
2000’s (Aukema et al. 2006), such measures are relatively ineffective even when operating
budgets are extremely large. In Alberta, management efforts have demonstrably slowed the rate
of spread and area affected compared to scenarios where no actions are taken; however the cost
may be greater than the value of the assets protected (Cooke and Carroll 2017).
My results provide a basis for proactive mountain pine beetle management. Synchronous
outbreaks arise from widespread endemic populations. Directly monitoring or treating endemic
populations is impractical because endemic attacks are rare and difficult to detect even within a
single stand, however, better understanding of the endemic niche may allow for an indirect
approach. The same stand characteristics that are associated with high risk of damage during an
outbreak (>75 years old, >25cm mean DBH, 750-1500 stems/ha, pine leading) also indicate high
suitability for endemic persistence. By treating highly suitable stands with methods such as
thinning, to reduce SDI and thereby reduce inter-tree competition, the number of endemic
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susceptible trees can be minimized. In areas where such treatments are not feasible, beetle
population monitoring may provide early warning of population growth. Finally, silviculture
programs can forecast stand conditions and necessary steps should be taken throughout the
maturation process to avoid ending up with future cohorts of highly endemic suitable stands.
5.6

Conclusion

Although mountain pine beetles exhibit endemic host selection behavior in jack pine stands,
endemic susceptible trees are extremely rare and tend to be occupied by woodboring beetle
larvae that are highly competitive and attract woodpeckers. While endemic persistence in jack
pine stands may be unlikely, persistent endemic populations were detected in all novel lodgepole
pine stands including those located in the hybrid zone where lodgepole and jack pine stands
occur in close proximity. The highly suitable endemic niche and reduced overall defensiveness
of evolutionarily naïve lodgepole pine trees may lead to more frequent and severe outbreaks than
have been observed in the native range. Therefore, it is likely that mountain pine beetle has
permanently naturalized in western Alberta and inflights of beetles into the boreal forest will
continue to occur.
This dissertation comprises a series of observational studies designed to address critical
knowledge gaps related to the ecology of eruptive species operating in novel habitats. Mountain
pine beetle typifies the concept of a native invasive species i.e., a species causing deleterious
impacts outside its native range without being directly introduced by anthropogenic vectors.
Other forest insect pests are showing troubling responses to recent climate and land use change
suggesting native invasive species may become more common in the near future. As opposed to
exotic invasive species, native invasive are more likely to be problematic within their native
range prompting extensive research on their ecology and population dynamics. This detailed
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information can be used to test hypotheses and predictions about where and why impacts will
occur under the assumption of further changes to the environment. Such efforts will be critical
to improving our ability to manage and mitigate current issues and take proactive steps to avoid
undesirable outcomes as new scenarios develop.
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