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Abstract 

The mountain pine beetle (Dendroctonus ponderosae Hopkins) is the most 

aggressive bark beetle (Coleoptera: Curculionidae) in western North America. This insect 

is currently expanding its range eastward through the Canadian boreal forest. Continued 

range expansion, or introduction via infested material from western North America, could 

lead to novel associations between the mountain pine beetle and eastern pines. This 

research seeks to determine the susceptibility and suitability of pine species common to 

northeastern North America for mountain pine beetle. Studies were conducted in a 

common garden environment on logs of four common eastern pines, red (Pinus resinosa), 

jack (P. banksiana), eastern white (P. strobus) and Scots (P. sylvestris) pine, and two 

historic hosts, lodgepole (P. contorta) and ponderosa (P. ponderosa) pine. 

Constitutive defenses pose no significant barrier to colonization of eastern pines 

by mountain pine beetle. The proportion of female beetles that established fertile egg 

galleries differed among eastern pines, but were similar to historic hosts. Foraging beetles 

were generally no more attracted to logs of eastern pines containing boring beetles than to 

a control. Chemical analysis of the phloem suggests that host kairomones critical for 

secondary attraction were minimal among novel pines and likely resulting in less 

attraction than to historic hosts.  

Overwintering capacity of developing brood was affected by eastern pines. Rapid 

development in novel pines resulted in greater proportions of brood entering winter in 

less cold tolerant life stages than historic hosts. The strategy and degree of cold tolerance 

of fourth instars were affected by natal pine host. Field validation of logistic regression 
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models demonstrated that models based on the insect freezing temperature underestimate 

cold mortality, while lower lethal temperature curves more accurately project mortality 

due to cold.  

Finally, we found that constitutive defenses pose no barrier to reproduction 

among novel pines. Indeed, novel pines can have up to twice the reproductive potential, 

and demonstrate greater brood fitness than historic hosts. However, variable rates of 

development among novel hosts could result in desynchronized or extended emergence 

periods in mixed stands. Matches between species specific development rates and climate 

will be crucial for outbreaks to occur in eastern forests.  
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Introduction 

Insect distributions and abundance are changing globally due to climatic change 

and human transport. Over the last two decades, the mountain pine beetle (Dendroctonus 

ponderosae Hopkins), an aggressive tree killing bark beetle (Coleoptera: Curculionidae: 

Scolytinae) native to western North America, has expanded north, well beyond its 

historical range. In the last ten years the insect has expanded into previously climatically 

unsuitable (Safranyik et al. 2010) novel jack pine (Pinus banksiana Lamb.) in the 

Canadian boreal forest (Carroll et al. 2004) and continues an eastward progression 

(Nealis and Cooke 2014). In Minnesota, mountain pine beetles have been found in pine 

material from western locations, stimulating the implementation of an external quarantine 

by the state in 2015 on pine material with attached bark from western states. However, 

little is known about the susceptibility or suitability of common northeastern pine species 

such as jack, red (P. resinosa Ait.), eastern white (P. strobus L.) and Scots (P. sylvestris 

L.) pines for mountain pine beetle. An understanding of the biology and behavior of this 

insect among these pines is critical for assessing risk (Venette et al. 2010) and 

determining policy (Lovett et al. 2016) in response to this threat. 

Mountain pine beetle may be adapted for host switching to novel pines. This 

beetle is a generalist of most trees within the genus Pinus in its historic range (Wood 

1982b). Some of the most devastating invaders have been monophagous insects with host 

ranges restricted to just one genus (Bertheau et al. 2010). These insects often have 

specialized traits adapted to the defensive physiology of the host (Agosta 2006). Most 

examples of aggressive invasive forest insects, able to kill otherwise healthy trees, are 
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insects that have been nonaggressive pests in their historic ranges (e.g., Agrilus 

plannipenis, Hylergopinus rufipus, Sirex noctilio, Adelgus tsugae, and Dendroctonus 

valens). However, we have little information on the performance of a historically 

aggressive forest insect, like mountain pine beetle, among novel hosts.  

It is unclear whether outbreaks of the mountain pine beetle are possible among 

novel northeastern pines. Eastern forests may differ in their climatic suitability for key 

factors facilitating outbreaks, like extreme winter temperatures and appropriate 

developmental temperatures needed for a univoltine lifecycle that supports synchronized 

emergence and mass attacks on large-diameter trees (Raffa et al. 2008, Safranyik et al. 

2010). However, despite uncertainty in climatic suitability, ongoing outbreaks in semi-

naïve (whitebark pine, P. albicaulis Engelm.) and novel (jack pine) pines in the Rocky 

Mountains and Alberta, respectively, indicate that outbreaks can occur in hosts with little 

or no known co-evolutionary history. Moreover, whitebark pine is a high elevation five-

needle pine now experiencing increased outbreaks due to warming climates (Logan and 

Powell 2001). This semi-naïve host is less susceptible to attack, and produces fewer 

brood than lodgepole pine, a common host (Raffa et al. 2013, Bentz et al. 2015, Esch et 

al. 2016). The presence of high concentrations of deterrents and other chemicals 

important for mountain pine beetle aggregation and pheromone production suggest 

previous co-evolutionarily interactions between the beetle and whitebark pine, however 

(Borden et al. 2008, Raffa et al. 2013). In the novel jack pine of Alberta, high 

concentrations of host volatiles known to synergize aggregation pheromones appear to 

enhance the attraction of beetles (Erbilgin et al. 2014). Adult progeny from jack pine tend 
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to be larger than those from lodgepole pine, although brood production may be reduced 

in the novel host (Erbilgin et al. 2014, Lusebrink et al. 2016).  

Previous reports of attacks by mountain pine beetle on novel eastern pines planted 

off-site in arboreta within the insect’s historic range have provided mixed results. 

Northeastern pines were attacked and killed in Idaho over the course of several years 

(Furniss and Schenk 1969). However these same pine species evaded or resisted attack in 

California, despite mortality occurring among other proximate historic and novel hosts 

(Smith et al. 1981). In sum, susceptibility and suitability of pines common to northeastern 

North America for mountain pine beetle remains largely unresolved. The purpose of this 

dissertation is to assess the susceptibility and suitability of common eastern pines to 

mountain pine beetle to better inform assessments of risk posed by this insect to eastern 

forests.  

In Chapter one, I review relevant literature on how host trees can affect the life-

history of the mountain pine beetle. I suggest that an understanding of how novel eastern 

pines might affect colonization dynamics, reproduction, and cold tolerance of the insect 

are needed as these parameters may affect the population dynamics of this insect should it 

be introduced to novel pines in northeastern North American pine forests.  

In Chapter two, I address whether constitutive defenses pose a barrier to 

colonization of novel eastern pines by the mountain pine beetle. Four pines common in 

northeastern North America; jack, red, eastern white, and Scots pine were cut in 

Minnesota and transported to the Black Hills of South Dakota, where mountain pine 

beetle is native and has been outbreaking for the last decade. I tested how the beetle 
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preference may differ among novel and historic hosts by including two common western 

pines, lodgepole (P. contorta var. latifolia Dougl.) and ponderosa (P. ponderosa Dougl. 

ex. Laws. var. scopulorum Engelm.) pine, obtained from the Big Horn Mountains of 

Wyoming and the Black Hills of South Dakota respectively. With logs of each pine 

species I tested multiple stages in host acceptance, foraging beetle attraction to infested 

logs, and differences in the concentrations of known chemical attractants and deterrents 

in the bark.  

In Chapter three, I investigate overwintering survival and cold tolerance of 

mountain pine beetle among novel pines. In all six pine species, I assessed supercooling 

points and lower lethal temperatures of fourth instars, the most common overwintering 

stage. I further assessed the supercooling points of pupae and teneral adults from 

individuals pooled from all pines. Field validation of supercooling point and lower lethal 

temperature models for each species was achieved by comparing model results to 

observed mortality in logs equipped with under-bark temperature probes and exposed to a 

natural extreme low temperature event. 

Finally, in Chapter four, I investigate development potential of mountain pine 

beetle among the novel and historic hosts. I tallied the life-stages of larvae found in logs 

in midwinter to obtain an estimate of pre-winter brood production and development rate. 

Size of larvae at each developmental stage present in the logs was recorded. Adult beetles 

were allowed to emerge naturally from logs of each species in the summer and 

development rate and total brood production were assessed. In the summer, we measured 

development rates and total reproduction after one year of development. Pronotal width 
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and sex were assessed to allow us to determine size and sex ratios among the different 

hosts. 

The chapters of this dissertation were prepared for publication in peer-reviewed 

journals. Although I am the lead author, the work presented is the combined result of a 

number of authors. Hence I present these sections in the plural voice. Chapter one is a 

literature review. Chapter two is being prepared for submission to Ecological 

Applications. Chapter three is being prepared for submission to Oecologia. Chapter four 

is being prepared for submission to Journal of Applied Ecology. Appendix 1 and 5 have 

been accepted to Entomolgia Experimentalis et Applicata and American Entomologist, 

respectively. To maintain the integrity of each chapter as a stand-alone unit, there may be 

a small degree of redundancy between chapters. 
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Chapter 1. Mountain pine beetle as a potential invasive threat to eastern forests: A 

review and assessment of critical research needs 

 

 

1.1 Summary 

Mountain pine beetle (Dendroctonus ponderosae Hopkins) is an eruptive herbivore 

of pines and is native to western North America. The current outbreak across the Rocky 

Mountains and British Columbia has resulted in over ten million hectares of timber loss. 

Models characterizing physiological and behavioral attributes of the beetle have projected 

potential areas for future outbreaks. The beetle has recently moved eastward beyond its 

historical geographic range. Here we outline current knowledge and areas of future study 

regarding outbreak potential of mountain pine beetle in northeastern North American 

pine forests. Two modes of invasion are possible into eastern forests. The beetle may 

continue its current eastward expansion through the now climatically suitable boreal 

forests, or it could be introduced through anthropogenic transport of green infested wood. 

The susceptibility and suitability of eastern pines for mountain pine beetle is not known. 

Host species may impact ecophysiological characteristics such as development, 

fecundity, and cold tolerance of the beetles infesting them. Knowledge of these 

characteristics can result in more accurate models and management plans to direct 

management efforts should the insect reach novel eastern pine forests. This review 

highlights the research needed to determine the suitability of eastern pine forests for 

mountain pine beetle outbreak and persistence.  
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1.2 Introduction 

1.2.1 Bark beetles 

Bark beetles (Coleoptera: Curculionidae: Scolytinae) are important drivers of 

forest dynamics and nutrient cycling processes (Rudinsky 1962, Aukema et al. 2016). 

While most species attack only dead or stressed trees, some are “facultative predators” 

able to kill healthy trees (Raffa et al. 1993, Lindgren and Raffa 2013). Tree-killing 

species can exert landscape-scale effects during outbreaks, causing direct mortality to 

vast areas of healthy conifer forests (Meddens et al. 2012) and modifying forest structure, 

composition, and function (Raffa et al. 2008). The Great Plains have confined many 

aggressive bark beetles that attack pines (with the notable exception of southern pine 

beetle, D. frontalis) to western North America, where over the past decade, bark beetles 

have killed over ten million hectares of pine forest (Meddens et al. 2012). The pine 

forests of midwestern and northeastern North America, however, do not historically have 

an aggressive bark beetle associated with them. 

The genus Dendroctonus contains many of the most damaging aggressive bark 

beetles on Earth. The three most aggressive species, the mountain pine beetle 

(Dendroctonus ponderosa), western pine beetle (D. brevicomus) and southern pine beetle 

(Lindgren and Raffa 2013) are found only in North America where they specialize on 

pines (Wood 1982b). All Dendroctonus species are herbivores of conifers, although most 

are non-aggressive attacking stressed or otherwise predisposed hosts (Kelley et al. 1998). 

However, some, like the aggressive mountain pine beetle (Dendroctonus ponderosae 

Hopkins) can alter biomes at outbreak levels (Meddens et al. 2012, Weed et al. 2013). 

Outbreaks, if not slowed by climatic conditions, typically end only through depletion of 
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available hosts (Raffa and Berryman 1987). Over the past decade, tens of millions of 

hectares of the primary hosts of the mountain pine beetle, lodgepole (Pinus contorta) and 

ponderosa pine (P. ponderosae), have been impacted (Meddens et al. 2012).  

1.2.2 A threat to novel eastern forests 

While the mountain pine beetle has historically been confined to western North 

America, warmer climates have allowed the beetle to expand its range into previously 

unsuitable or naïve regions (Carroll et al. 2004, Stahl et al. 2006, Aukema et al. 2008). 

These newly infested areas have included the high-elevation white-bark pine forests (P. 

albicaulis) of the Rocky Mountains (Logan and Powell 2001, Raffa et al. 2013), the 

ponderosa pine ridges of western Nebraska (Costello and Schaupp 2011) and the novel 

jack pine (P. banksiana) of the boreal forest in Alberta (Aukema et al. 2008, Cullingham 

et al. 2011). Continued eastward expansion through the boreal forest could result in 

interactions with additional species, such as the economically important red (P. resinosa) 

and eastern white (P. strobus) pines of the Great Lakes region and northeastern North 

America. Alternatively, these insects could be introduced to eastern forests through 

human movement of infested host material from outbreak regions. 

Because northeastern pine forests have no known historical association with an 

aggressive bark beetle, they may be particularly susceptible to this insect (Raffa et al. 

2015). Reduced functional redundancy, a characteristic of many pine forests (Boyd et al. 

2013), makes the prospect of mountain pine beetle introduction a critical ecological and 

economic concern. Researchers are now investigating this insect’s ability to successfully 

reproduce, initiate outbreaks, and persist in novel pine forests with no historical co-

evolutionary association (Cudmore et al. 2010, Raffa et al. 2013, Erbilgin et al. 2014, 
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Cale et al. 2015, Pfammatter et al. 2015, Taft et al. 2015). Here we review the host 

mediated ecophysiological factors needing more research for effective management. In 

light of the potential for continued movement of mountain pine beetle into new habitats 

and ultimately into eastern forests, the following questions must be addressed in order to 

make informed policy and management decisions. (1) What are the effects of the host on 

mountain pine beetle life history? (2) How might host and climate interact to affect 

mountain pine beetle population dynamics and outbreak potential? 

1.3 Mountain pine beetle biology 

1.3.1 Population dynamics 

Much research on mountain pine beetle has focused on factors that drive 

outbreaks. Indeed, Andrew Hopkins, who first described mountain pine beetle as the 

Black Hills beetle in 1902, was sent by Gifford Pinchot, the first Chief of the Bureau of 

Forestry, to the Black Hills to provide recommendations on control of an ongoing 

outbreak (Hopkins 1905). However, populations do not remain at outbreak levels, and 

typically persist for decades at low or “endemic” levels when conditions are not suitable 

for outbreaks. Endemic densities of <40 females per hectare result in few successfully 

attacked trees (Carroll et al. 2006) and the beetle persists as a secondary herbivore in 

suboptimal stressed trees (Raffa and Berryman 1983a, Lindgren and Raffa 2013). 

Populations increase to incipient-epidemic and finally to epidemic levels as thresholds 

limiting population growth are overcome by external releasers such as drought, 

temperature, and stand dynamics (Raffa et al. 2008). This transition from endemic to 

epidemic levels can occur in as little as two years once host-mediated thresholds have 

been overcome (Carroll et al. 2006). 
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1.3.2 Life cycle and natural history 

Mountain pine beetles emerge from the brood tree as adults in late summer 

(Schmid 1972, Bentz 2006). Adult females, that initiate attack on host trees are attracted 

by a combination of chemical and visual cues; ergo, large dark horizontal objects, host 

volatiles and random landing (Shepherd 1966, Hynum and Berryman 1980, Pureswaran 

et al. 2004, Pureswaran and Borden 2005, Saint-Germain et al. 2007). The insects are 

attracted to the mid to lower bole of the tree where bark crevices facilitate their entry 

(Reid 1963, Shepherd 1965, Safranyik 1971, Ferrenberg and Mitton 2014). The decision 

to enter the tree is based on texture and gustatory assessment of chemicals cues (Raffa 

and Berryman 1982a, Wallin and Raffa 2004).  

Once the female has initiated attack, the tree exudes resin containing 

monoterpenes and other phytochemicals to slow and overwhelm the attackers (Raffa et 

al. 2005). Through this process the tree may be able to eject (i.e., “pitch out”) the beetles 

and fend off an attack; however, the beetles have two strategies to overcome a tree’s 

defenses. First, the pioneer females oxidize the host monoterpene α-pinene into trans-

verbenol, an aggregation pheromone (Pitman et al. 1968, Pitman and Vite 1969). Trans-

verbenol, in combination with host volatiles present in the phloem and resin of the tree, 

attract conspecifics (Billings et al. 1976, Erbilgin et al. 2014). Males join females and 

release exo-brevicomin (Rudinsky and Libbey 1970, Shore et al. 1992), which can attract 

other females. This action results in a mass attack capable of overwhelming the tree’s 

defenses (Safranyik and Carroll 2006). Once critical density has been reached, high 

concentrations of verbenone, a repellent is released (Ryker and Yandell 1983). 

The beetle vectors several species of blue stain fungi that enter the tree with the 

beetle. These fungi provide important nutritional components for larvae as they fan out 
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from vertical galleries severing phloem tissue and girdling the tree (Bleiker and Six 2007, 

Khadempour et al. 2012). If the tree cannot confine the fungi in necrotic lesions, these 

fungi may reduce water flow in the xylem and reduce the ability of the tree to maintain a 

chemical defense, thus leading to tree death (Safranyik et al. 1975, Hubbard et al. 2013).  

 Host conditions drive the under-bark life history of the mountain pine beetle. 

Upon initiation of gallery construction and successful mating, females deposit eggs into 

niches in the gallery walls (Hopkins 1905). If the phloem is suitable, a female may 

deposit all of her eggs in a single gallery. If the phloem is not suitable, she may deposit 

few or no eggs and instead re-emerge to attack another host (Reid 1958). Some females 

will re-emerge after constructing the first gallery to initiate a second gallery; however, 

these are generally less successful (Reid 1962). 

Larvae develop through four instars before pupating and eclosing as an adult. 

Thresholds for development vary between life stages, with earlier larval instars able to 

develop quickly even at cool temperatures, and later instars requiring warmer 

temperatures for development (Bentz et al. 1991). The instar-specific temperature 

dependence results in later instars slowing their development as early fall temperatures 

decline below their warmer developmental thresholds but allows early instars with lower 

thresholds to catch up. This “stop light” effect results in life stage synchronization (Bentz 

et al. 1991) and the majority of the population entering winter as late instars, the most 

cold tolerant life stage (Amman 1973, Safranyik and Linton 1998).  

As temperatures decline, the ability of larvae to withstand colder temperatures 

increases with the accumulation of glycerol, a cryoprotectant, in the hemolymph (Somme 

1964, Strongman 1982). Greatest cold tolerance corresponds with the coldest parts of the 



 

 

8 

 

winter, and declines in the spring (Wygant 1940, Yuill 1941). This trend is observed in 

both supercooling points (i.e., the temperature at which the fluids in the body begin to 

freeze) (Strongman 1982, Bentz and Mullins 1999, Cooke 2009) and lower lethal 

temperature studies (i.e., the temperature at which mortality occurs) (Wygant 1940, Yuill 

1941). Mountain pine beetle is considered freeze intolerant, such that it dies when it 

freezes (Somme 1964, Bentz and Mullins 1999). Thus, early or late season cold snaps 

may result in high mortality if cold tolerance is not sufficient (Safranyik and Linton 1991, 

Sambaraju et al. 2012). Development resumes in the spring as temperatures warm and 

beetles proceed through pupal and teneral adult stages. Adults feed on the nitrogen-rich 

spores and mycelia of the blue stain fungi, gathering inoculum before emerging (Adams 

and Six 2007). Synchronized emergence allows for high population densities during 

colonization of new trees. Such densities are necessary to overcome tree defenses (Raffa 

and Berryman 1983a, 1983b).  

1.3.3 Host associations 

Mountain pine beetle is a generalist among pines, able to successfully reproduce 

in most pines within its range, with the notable exceptions of jeffrey (P. jeffrey), digger 

(P. sabiniana) and monterey (P. radiate) pines that demonstrate considerable resistance 

to invading beetles (Smith 1963), and Great Basin bristlecone pine (P. longaeva Bailey), 

which demonstrates deterrence (Gray et al. 2015). While the beetle has attacked novel 

pines planted offsite in the past (Table 1.1), the degree of susceptibility of novel pines is 

unclear. In the late 1960s an infestation in the Shattuck Arboretum at the University of 

Idaho on mature pine specimens from across North America suggested the ability of the 

beetle to infest many pine species found outside its range. These pines included jack, 



 

 

9 

 

eastern white, red, Scots (P. sylvestris), pitch (P. rigida), and Austrian pines (P. nigra) 

(Furniss and Schenk 1969). Interestingly, two historic hosts – ponderosa and western 

white pine (P. monticola) – which were also present in the arboretum and of similar age 

to those infested, were not attacked. The outbreak lasted three years, suggesting the 

beetles completed three generation in at least some of the pine species present (Furniss 

and Schenk 1969). Smith et al (1981) also reported an infestation of mountain pine beetle 

in an arboretum at the Institute of Forest Genetics in Placerville, California in 1977 and 

1978. Many pine species planted there from across North America, Asia and Europe were 

attacked, although only a few were killed (Table 1.1). Notably, ponderosa pine, similar to 

the outbreak in Idaho, was not attacked, even though it was present in abundant numbers. 

Jack, eastern white, and red pine were not attacked on this occasion, although Scots pine 

was (Smith et al. 1981). No other studies have reported mountain pine beetle infesting 

pine species common in eastern North America. Thus, while we know northeastern North 

American pine species can be attacked in the beetle’s range (Furniss and Schenk 1969), 

we know little about how preferred or suitable they are as hosts for this insect (Smith et 

al. 1981). Physiological and nutritional differences between pine species may account for 

differences in phenology, fecundity, development and mortality (Langor 1989). Thus host 

effects could have significant implications for an insect of such economic importance 

should it reach eastern forests.  

1.4 Range expansion 

1.4.1 Current range distribution 

The historic geographic range of mountain pine beetle extends from southern 

California to British Columbia and east across the southern Rocky Mountains to the 



 

 

10 

 

Black Hills of South Dakota. This range generally corresponds to the geographic range of 

its hosts, but is constrained by climate (Safranyik et al. 1975). Although lodgepole pine 

extends far north in British Columbia where it hybridizes with the jack pine of the boreal 

forest, the beetle has been limited to southern British Columbia. Mountain pine beetle has 

similarly been limited by elevation so that high elevation soft pine species like limber (P. 

flexilis) and whitebark (P. albicaulis) pines (Cerezke 1995, Logan and Powell 2001, 

Raffa et al. 2013) have escaped attack.  

Geographic factors also restrict mountain pine beetle distribution. The Mojave 

desert and Great Basin have limited gene flow between beetle populations in California 

and the southern Rocky Mountains (Mock et al. 2007). Genetic evidence suggests that 

gene flow follows the hosts up and around these regions of limited host availability rather 

than crossing them (Mock et al. 2007, Bracewell et al. 2011). A similar barrier, which has 

not been overcome, is the Great Plains. While this region has contiguous hosts to the 

north (Furniss and Schenk 1969, Cerezke 1995), climate has impeded the beetle’s 

passage (Carroll et al. 2004). The grasslands of the Great Plains, which do not maintain 

pines and extend from Texas into Alberta, have likely limited mountain pine beetle 

spread further east than the ponderosa pine forests of the Black Hills of South Dakota. 

The Black Hills in turn are over 600km west of the western edge of novel eastern pine 

forests of Minnesota. This barrier appears to have proven too great for natural population 

expansion, despite the presence of potentially suitable hosts in the east (Furniss and 

Schenk 1969).  

While the Great Plains have served as the eastern boundary of the mountain pine 

beetle range in the past, this barrier may not be sufficient to limit its expansion in the 
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future. Two means of expansion are possible; point source introductions by 

anthropogenic vectors from infested western areas, and corridor-mediated range 

expansion through the boreal forests (Nealis and Peter 2008).  

1.4.2 Potential for human mediated introductions 

 Random point source introductions of mountain pine beetle into northeastern 

North America due to anthropogenic transport of infested wood are a potential threat and 

could occur at any time (Brockerhoff et al. 2006a). While a good disperser, able to fly 

and be blown great distances (Jackson et al. 2008, Evenden et al. 2014), mountain pine 

beetle has been unable to cross the Great Plains and gain a foothold in eastern forests. 

The insect could be transported through infested green material, however. Establishment 

and outbreaks can occur even with small founder populations as outbreaks within its 

range have been reported due to beetle emerging during transport of infested timber logs 

(Schaupp et al. 1993). Jacobi et al. (2012) found that bark beetles and long-horned beetles 

were the most common insects to emerge from firewood bundles purchased at retailers. 

Mountain pine beetle has been found on several occasions in materials shipped as far as 

New Zealand (Brockerhoff et al. 2006a). However mountain pine beetle is sensitive to 

desiccation (Cole 1975), so introductions via infested material would likely occur through 

the movement of green logs, containing bark, and forestry products rather than dried 

firewood. Indeed, while mountain pine beetles have been found on multiple occasions in 

firewood and log-home materials transported from infested areas to Minnesota, the 

beetles have been dead in all reported cases (Mark Abrahamson, pers. comm). 
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1.4.3 Climate mediated eastward spread through the boreal forest 

 Over the last two decades mountain pine beetle has spread north in British 

Columbia into naïve lodgepole pine stands, previously unexposed to the insect (Clark et 

al. 2010, Cudmore et al. 2010). In 2006, beetles surpassed the eastern geoclimatic barrier 

of the Northern Rocky mountains and outbreaks were initiated in the lodgepole-jack pine 

hybrid zone in Alberta (Aukema et al. 2006, Samarasekera et al. 2012, de la Giroday et 

al. 2012) and subsequently in the jack pine of the boreal forest, a fully novel host for this 

insect (Cullingham et al. 2011). Over the past decade mountain pine beetle range has 

continued to expand eastward, and beetles have been found within 50km of the border 

with Saskatchewan (McGill 2014). 

 Several factors have contributed to the mountain pine beetle’s successful spread 

over the past decade. Recent work has shown that extreme winter weather such as early 

or late season cold snaps, and low mid-winter temperatures had been some of the key 

factors limiting mountain pine beetle outbreaks (Sambaraju et al. 2012). However, these 

cold weather events have been increasingly uncommon, resulting in population build-up 

at the margins of the insect’s range and range expansion (Carroll et al. 2004). Populations 

of lodgepole pines with no co-evolutionary history appear to be particularly suitable for 

brood production (Cudmore et al. 2010). This suitability may result in accelerated 

expansion in naïve forests. Additionally, expanding populations of mountain pine beetle 

originating from central British Columbia have retained genetic diversity (Samarasekera 

et al. 2012), which may facilitate adaptation in new environments. A study analyzing jack 

pine connectivity across Alberta and Saskatchewan found good connectivity in western 

Alberta, which has facilitated the beetle’s spread (Shore et al. 2009). The same study 

indicated that connectivity breaks down across Saskatchewan, which may be the first 
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factor to slow the beetle. However, other studies have suggested that while connectivity 

and climatic factors may slow the spread, little else is expected to inhibit eastward 

expansion through the boreal forest (Nealis and Peter 2008, Safranyik et al. 2010).  

1.5 Host effects on mountain pine beetle life history 

Chemical characteristics and physical traits of hosts can play a critical role in host 

suitability. Most of the beetle’s life is spent beneath the bark of two trees: the natal host, 

where it develops from egg to adult, and the reproductive host where it forms a gallery, 

mates and reproduces. Thus the environment within the host is exceedingly important 

(Langor et al. 1990). Several variables, including susceptibility (i.e., whether and to what 

degree beetles will be attracted to, and able to successfully colonize the tree), 

development rate, fecundity, cold tolerance and suitability for microbial associates should 

be considered when assessing beetle characteristics in different or novel hosts. 

1.5.1 Pine host affects attraction of beetles 

Chemical and physiological characteristics of host species can affect the ability of 

mountain pine beetle to successfully carry out an attack (Goodsman et al. 2012, 2013). 

Indeed, within a single host species, susceptibility to attack can vary on a location to 

location (Clark et al. 2010), tree to tree (Ferrenberg et al., 2013; Raffa and Berryman, 

1982a; Raffa and Berryman, 1982b), or even location on a single tree (Goodsman et al. 

2013, Ferrenberg and Mitton 2014). Differences in initial susceptibility to attack are 

mediated by the attraction of a beetle to the tree itself through visual (Campbell and 

Borden 2006a, 2006b) and chemical cues (Miller and Borden 2003, Pureswaran and 

Borden 2005, Campbell and Borden 2006b), as well as the decision to initiate boring by 

landing female beetles (Raffa and Berryman 1982a, Latty and Reid 2010). The attraction 
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of conspecifics by pioneer beetles is based largely upon secondary compounds, primarily 

monoterpenes, present in the tree (Pureswaran et al. 2000, Seybold et al. 2006). These 

chemicals can differ significantly between conspecific trees (Clark et al. 2010) and 

between species (Aukema et al. 2010a, Raffa et al. 2013, Erbilgin et al. 2014, Clark et al. 

2014), resulting in potentially large differences in attraction to host-mediated pheromone 

signals (McKee et al. 2013, Erbilgin et al. 2014, Taft et al. 2015). For instance, α-pinene, 

a host monoterpene, is converted to the aggregation pheromone trans-verbenol. 

Differences in concentrations of α-pinene have been shown to change the amount of 

trans-verbenol produced (Taft et al. 2015). Pheromone attraction is also significantly 

enhanced by the presence of host monoterpenes such as myrcene and 3-carene (Billings 

et al. 1976, Conn et al. 1983, Shore et al. 1992). Greater concentrations can result in 

greater levels of attraction (Miller and Borden 2000), and concentrations of monoterpenes 

vary greatly among pine species (Mirov 1961). Beetle attraction can also be inhibited by 

the presence of some host volatiles, like 4-allylanisole, which is both toxic and a deterrent 

to bark beetles (Werner 1995, Emerick et al. 2008), and can differ in concentration 

between tree species (Raffa et al. 2013, Raffa 2014). 

1.5.2 Pine host affects acceptance by beetles 

Host traits can also impact host selection behavior and may play a greater role in 

host acceptance than previously thought (Carmona et al. 2011). Campbell and Borden 

(2006a) found that host seeking mountain pine beetles are significantly more attracted to 

dark colored columnar traps than to light ones. This result suggests tree color plays a role 

in host-seeking behavior. Because bark texture affects the ability of female mountain pine 

beetle to initiate boring, differences in texture between species may affect the amount of 
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bole the beetles can infest (Langor 1989). Ferrenberg and Mitton (2014) showed that 

mountain pine beetle initiated attack more often on rough than smooth bark surfaces. This 

same texture preference mediates the area of the bole attacked, which in turn can affect 

beetle brood production per tree (Safranyik 1971). Once beetles have landed on hosts, 

differences in host chemistry can affect the beetles decision to initiate boring or seek 

another host (Raffa and Berryman 1982a, Wallin and Raffa 2004). Resin duct density has 

also been shown to affect tree resistance to attack by both Ips sp. (Kane and Kolb 2010) 

and the mountain pine beetle (Ferrenberg et al. 2014). Finally, the thickness of the 

phloem may be an important factor in host selection, as thicker phloem increases the 

likelihood that mass attack is initiated on a host tree (Elkin and Reid 2004). Thus 

differences between pine species in both physical and chemical traits may be important 

mediators of host acceptance by foraging beetles.  

1.5.3 Pine host affects beetle development rate 

Synchronized development and appropriate seasonality (i.e., life cycle events 

occurring at the appropriate time of the year) are critical for outbreaks of mountain pine 

beetle to occur (Bentz et al. 1991, Logan and Powell 2001). Different levels of nitrogen 

and phloem lipids can impact development time (Goodsman et al. 2012), suggesting that 

differences in these nutrients among hosts could impact development rate. Similar effects 

of nitrogen concentrations on beetle development have been shown on southern pine 

beetle (Ayres et al. 2000). Mismatches between development rate and climate can be 

maladaptive for a population. Slower or faster developing populations could overwinter 

as less cold-tolerant stages, mass attacks could be inhibited due to desynchronized adult 

emergence, and mortality due to predation and phloem desiccation could result from 
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extended lengths of time in the host tree (Amman 1973, Langor 1989, Logan and Powell 

2001).  

Development rates can vary among western hosts. Field observations have shown 

brood from different hosts at the same location are rarely at the same stage of 

development (Sturgeon and Mitton 1986). Common garden studies of infested logs from 

different species have shown similar results (Amman 1982, Langor 1989, Cerezke 1995). 

For instance, 50% emergence between lodgepole, ponderosa, whitebark (P. albicaulis 

Engelm.) and western white (P. monticola Douglas ex D. Don) pine varied by two weeks 

in one study (Amman 1982). Such differences can affect seasonality and overwintering 

success. For example, Langor (1989) noted that over-wintering survival of beetles reared 

in limber pine was greater than those reared in lodgepole pine as beetles in limber pine 

reached more cold hardy life-stages prior to winter. These differences could have 

significant impacts on climatic suitability models that consider degree days needed for 

development (Logan and Bentz 1999, Carroll et al. 2004). Variation in development 

times across several suitable hosts could potentially inhibit synchronized emergence in 

the spring, reducing the ability of beetles to overcome vigorous, large-diameter trees 

(Logan et al. 1998).  

1.5.4 Pine host affects beetle fecundity 

Host environment can affect each stage in the reproduction process. Host can 

impact under bark behavior of female mountain pine beetles during oviposition, which 

can in turn affect total reproduction. For instance, host species can mediate the number of 

egg galleries, gallery density, egg gallery length and eggs laid per gallery (Langor 1989, 

Cerezke 1995).  
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Variation in host traits and nutrition within a tree can also impact fecundity. 

Thicker bark can have positive effects on brood production and emergence due to 

buffering effects against extreme cold (Safranyik and Linton, 1998). Thinner bark, 

however, seems to reduce male survival (Amman and Pace 1976, Amman and Pasek 

1986). Phloem thickness can vary with tree height (Cabrera 1978), diameter (Davis and 

Hofstetter 2014) and species (Amman 1982). Thicker phloem results in greater egg 

densities and oviposition rates (Amman 1972b), more rapid development, and larger 

beetles (Amman and Cole 1983, Amman and Pasek 1986). These effects may be due to 

female beetles and developing brood consuming some amount of the nutritionally inert 

outer bark (Ayres et al. 2000) in trees with thin phloem (Amman and Pasek 1986). Larger 

beetles in turn have greater lipid content (Graf et al. 2012), can fly longer and further 

(Evenden et al. 2014), and produce more eggs (Amman 1972b, Elkin and Reid 2005). 

Higher nitrogen concentrations within a tree can result in larger insects in a shorter period 

of time (Goodsman et al. 2012) and less overall phloem consumption by larvae (Ayres et 

al. 2000). In sum, both interspecific and intraspecific variation in host traits can be 

critical to mountain pine beetle reproduction.  

1.5.5 Pine host affects cold tolerance 

Overwintering mortality is a critical component of mountain pine beetle 

population dynamics, and cold tolerance varies with host species. One study showed that 

larvae in limber pine displayed the lowest lower lethal temperature, followed by larvae in 

lodgepole pine and ponderosa pine (Wygant 1940). A second study exhibited similar 

results, showing larval lower lethal temperatures to be lowest in lodgepole, slightly 

warmer in ponderosa, and warmest in sugar pine (P. lambertiana) (Yuill 1941). In a more 
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recent study assessing the temperature at which the insect begins to freeze (supercooling 

point) from several locations in the central Rocky Mountains, fourth instars collected 

from sites with ponderosa pine had a 2.2 - 5.3°C warmer supercooling point than those 

collected from lodgepole pine (Bentz and Mullins 1999). These differences may be due to 

nutrition and overall fitness of beetles developing in these hosts. For example, 

development rate and reproductive success is greater in the more cold hardy limber than 

in lodgepole pine (Langor 1989, Cerezke 1995), and larvae from sugar pine were 

observed to be much less vigorous than the more cold hardy larvae from ponderosa or 

lodgepole pines (Yuill 1941). Host characteristics such as bark thickness may further 

influence the overwintering capacity of the mountain pine beetle by buffering the insect 

from lethal air temperatures (Safranyik and Linton 1998). 

1.5.6 Pine host affects fungal associates 

Blue stain fungi (Grosmannia clavigera, Leptographium longiclavatum and 

Ophiostoma montium) provide nutrition to developing beetle larvae (Bentz and Six 2006, 

Khadempour et al. 2012) and may diminish host resistance by reducing water flow in the 

xylem. The presence and frequency of fungal associates may be affected by host species 

as well (Six and Paine 1998, Alamouti et al. 2011). Upon inoculation, the tree forms 

necrotic lesions around the fungi in an attempt to control its spread. Fungal growth 

requirements such as tolerance to allelochemicals, moisture content, and buffering from 

cold may vary between hosts (Rice et al. 2007, 2008). The ability of a fungus to utilize 

host material can also differ among host species as greater virulence has been shown in 

western white pine compared to lodgepole pine (Solheim and Krokene 1998) and in jack 

pine and hybrid jack x lodgepole compared to lodgepole pine (Rice et al. 2007). The 
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virulence of mountain pine beetle fungal associates in other eastern pines is still 

unknown, but recent work has indicated that the vectored fungi is the primary cause of 

rapid mortality in hosts (Hubbard et al. 2013). Because eastern pines have a greater 

defensive response to more virulent fungi (Raffa and Smalley 1995), which in turn affects 

the under-bark environment for developing beetles, a study of virulence levels among 

hosts is needed. In addition to virulence, fungi also increase the nutrition of the host (Six 

and Paine 1998, Bleiker and Six 2007, Goodsman et al. 2012), which can result in greater 

fecundity of developing beetles (Ayres et al. 2000). The route by which beetles spread to 

eastern forests may also affect the fungal associates due to different optimal temperature 

ranges among the fungal symbionts (Six and Bentz 2007).  

1.6 The role of climate in mountain pine beetle population dynamics 

1.6.1 The use of climate to predict suitable range 

A number of recent studies have analyzed climatic data to define the appropriate 

climatic conditions for mountain pine beetle outbreak (Aukema et al. 2008, Evangelista et 

al. 2011, Sambaraju et al. 2012, Coops et al. 2012). These analyses have indicated a clear 

relationship between extreme climatic conditions and limitations to the beetle’s range. 

Other work has demonstrated the need for appropriate seasonality, allowing for 

synchronization of life-stages through the winter and mass emergence in the summer, 

timed to allow for brood development to the most cold tolerant stages prior to winter 

(Logan et al. 1998, Logan and Powell 2001). Several process-based models utilizing 

climatic data, coupled with mountain pine beetle physiology in lodgepole pine, have been 

used to project mountain pine beetle outbreak potential in eastern forests (Safranyik et al. 

2010, Bentz et al. 2010). An understanding of the role climate plays in mountain pine 
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beetle outbreak dynamics is important in assessing risk to new regions, particularly if 

host pine species modifies climate mediated physiological processes. 

1.6.2 Climate effects on development 

Seasonality refers to the synchronization of life processes with seasonal processes 

such as food availability and extremes in temperature or environment (Powell and Logan 

2005). Logan and Powell (2001) suggest that two timing processes, synchronized 

emergence in the summer and a univoltine lifecycle are of particular importance in 

enabling mountain pine beetles to overcome the defenses of vigorous trees.  

Synchronization of life stages in many insects is facilitated by an obligate 

diapause that halts development at a particular development stage. However, the 

mountain pine beetle does not display an obligate diapause (Logan and Bentz 1999). 

Instead, synchronization occurs due to stage-specific developmental temperature 

thresholds (Powell et al. 2000). Egg and early instar larvae have low temperature 

thresholds for development, allowing brood to advance through these stages even as 

temperatures decline in the fall. However, later instars have higher temperature 

thresholds, resulting in brood slowing and halting development as these life-stages are 

achieved in the fall (Bentz et al. 1991, Régnière et al. 2012). This “stoplight effect” 

enables life-stage synchrony to occur in the fall, despite variation in oviposition dates of 

individual beetles. Synchronized populations overwinter together and begin development 

as temperatures warm in the spring to emerge en masse over a two week period in late 

summer (Bentz 2006). Mass emergence allows for population densities needed to 

overcome vigorous large-diameter trees (Raffa and Berryman 1987).  
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A univoltine lifecycle is characterized by adults emerging in late summer, 

offspring developing into later cold tolerant larval stages in the fall, overwintering, and 

completing development in the following spring and early summer before emerging in 

late summer (Bentz et al. 1991). Development rates that fit a univoltine lifecycle allow 

for synchronized emergence, as outlined above. In comparison, semivoltinism (i.e., 

needing more than one year to complete a cycle) or bivoltinism (i.e., two generations in a 

single year) may be maladaptive for population buildup (Reid 1962). Semivoltinism 

results when the appropriate number of developmental degree days, or heat units needed 

to complete development in one year is not achieved. Semivoltinism can result in high 

mortality due to extended predator pressure, repeat overwintering mortality, and 

decreasing suitability of the phloem as the tree dries out (Reid 1963). Bivoltinism, which 

occurs when more than sufficient heat units are accumulated, can result in the second 

brood overwintering in less cold tolerant stages due to late oviposition by the second 

parent generation (Logan and Bentz 1999). Common garden studies with mountain pine 

beetles from northern populations and southern populations have demonstrated that 

northern populations need fewer degree days than southern populations to complete 

development, despite a univoltine lifecycle occurring in both regions (Bentz et al. 2014). 

This suggests there is likely selective pressure on development rates in geographically 

diverse populations to maintain appropriate seasonality.  

1.6.3 Modeling mountain pine beetle distribution with appropriate seasonality 

Logan and Bentz (1999) created a temperature-driven model to assess appropriate 

seasonality. Using past temperature data and the timing of development of mountain pine 

beetles from lodgepole pine in Utah (Bentz et al. 1991), the number of years able to 
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support adaptive seasonality were assessed. Greater numbers of suitable years and lower 

numbers of maladaptive years translated into greater probability of outbreak success. 

Logan and Powell (2001) used this model to demonstrate that warmer temperatures that 

permit a univoltine lifecycle may allow beetles to persist in high-elevation whitebark pine 

forests. This model has also been used with projected climate data from climate change 

models (Hicke et al. 2006, Bentz et al. 2010) and project movement northward and to 

higher elevations as average temperatures warm. Indeed, as the band of appropriate 

seasonality moves north, it may result in high elevations being the only suitable regions 

for the beetle in its current. However, in their analysis, Hicke et al. (2006) noted that 

while most forests historically prone to outbreaks fit the model, some that were primarily 

ponderosa pine did not. This disparity may reflect calibration of models of adaptive 

seasonality based on development times in lodgepole pine (Hicke et al. 2006) as beetles 

develop over a week faster in ponderosa pine vs. lodgepole pine (Amman 1982). Thus, 

reliable projections of climatic suitability with a model parameterized on one pine 

species, in forests composed of other pine species, may provide suboptimal results. It is 

therefore unclear whether eastern forests with novel pines that may affect mountain pine 

beetle development rate differently are climatically suitable.  

1.6.4 Climate effects on cold tolerance  

 The ability to survive cold temperatures is an important characteristic of 

temperate insect populations. The distribution of mountain pine beetle has historically 

been limited by cold temperatures in the north and at high elevations, which limits 

population buildup and persistence. Several authors have demonstrated that cold-induced 

mortality is the greatest mortality factor affecting mountain pine beetle populations (Reid 
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1962, Amman and Cole 1983, Langor 1989, Sambaraju et al. 2012). By overwintering in 

more cold tolerant stages or below the snowline (Cooke 2009), beetles may be able to 

persist in a region with very low winter temperatures (Reid 1963). However cold winter 

weather patterns such as sudden drops in daily temperatures or cold snaps early or late in 

winter when beetles are not fully cold hardened may cause excessive mortality (Safranyik 

and Linton 1991, Sambaraju et al. 2012).  

Increased cold tolerance develops as temperatures cool in the fall. Different 

developmental stages respond differently to cold. Eggs, pupae and adults are thought to 

be the least cold tolerant stages (Reid 1963), while late larval stages are the most cold 

tolerant (Amman 1973, Langor 1989). Lab experiments have demonstrated that eggs 

conditioned to low temperatures have a supercooling point of -18°C (Reid and Gates 

1970). This supercooling point may be slightly greater in the field, however (Lester and 

Irwin 2012). Lester and Irwin (2012) identified a minimum winter supercooling point of -

28.7°C in post-ovipositional adults in Washington. Several studies indicate much lower 

supercooling points in late instar larvae (Somme 1964, Strongman 1982, Bentz and 

Mullins 1999, Cooke 2009) with average supercooling points as low as -36.7°C in 

midwinter (Cooke 2009). 

1.6.5 Modeling mountain pine beetle distribution with cold tolerance data 

Using data collected by Bentz and Mullins (1999), Régnière and Bentz (2007) 

developed a model of cold tolerance for mountain pine beetle. Some previous work has 

suggested that supercooling point (i.e., the temperature at which an insect begins to 

freeze) and lower lethal temperature (i.e., the temperature at which the insect dies) are 

equivalent (Somme 1964, Bentz and Mullins 1999). Based on this assumption, they 
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identified three predominant stages of cold tolerance and associated supercooling points. 

They defined these as (1) a non cold-hardened feeding state, (2) an intermediate state in 

which the insect ceases feeding and voids its gut to eliminate ice-nucleating agents, and 

(3) a fully cold-hardened state. By applying this model to average winter temperature, 

one is able to assess the likelihood of beetle persistence in a region. The results of the 

model indicate increasing suitability over the next 100 years, resulting in most of the 

North American pine forests becoming moderately to highly suitable (Bentz et al. 2010).  

This model was parameterized with measurements of mountain pine beetle cold 

tolerance from lodgepole pine (Bentz and Mullins 1999). This poses two problems. First 

it is possible that cold tolerance may vary between populations (Bentz et al. 2011). 

Second, as outlined earlier, previous studies have shown that mountain pine beetle cold 

tolerance may vary between hosts (Wygant 1940, Yuill 1941). 

1.7 Conclusions 

Mountain pine beetle is the most destructive herbivore of pine forests in North 

America. The current outbreak, driven by various factors including a homogenization of 

forest age structure and fewer years with extreme low temperatures able to quell swelling 

populations, has resulted in tens of millions of hectares of pine forests in western North 

America affected by this native pest (Meddens et al. 2012). While this beetle has been 

heavily studied in its native range, the current eastward expansion through the boreal 

forest raises questions as to the suitability of eastern forests for this insect. Several factors 

need particular attention. Host effects must be evaluated to determine how they may 

impact attack dynamics, development, fitness, and overwintering ability. The suitability 

of eastern climate must be considered for both endemic and epidemic persistence. Much 
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research is needed to assess these effects (Safranyik et al. 2010, Raffa et al. 2013, 2015, 

Raffa 2014) and develop policy and management plans able to effectively reduce the risk 

of this native western beetle becoming invasive in eastern North America or beyond. 
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1.9 Tables 

Table 1.1 Tree species known to be hosts or potential hosts for mountain pine beetle 

Scientific name Common name Subgenus Native Range Reference 

Pinus contorta Lodgepole pine Pinus Western N. America Hopkins 1909 

Pinus ponderosa Ponderosa pine Pinus Western N. America Hopkins 1909 

Pinus flexilis Limber pine Strobus Western N. America Hopkins 1909 

Pinus strobiformis Southwestern white pine  Strobus Western N. America Hopkins 1909 

Pinus albicaulis Whitebark pine Strobus Western N. America Wood 1982 

Picea engelmannii Engelmann spruce* - Western N. America Hopkins 1909 

Picea abies Norway spruce - Europe 

Furniss & Schenk, 

1969 

Pinus lambertiana Sugar pine Strobus Western N. America Hopkins 1909 

Pinus monticola Western white pine Strobus Western N. America Hopkins 1909 

Pinus strobus Eastern white pine Strobus 

Northeastern N. 

America 

Furniss & Schenk, 

1969 

Pinus resinosa Red pine Pinus 

Northeastern N. 

America 

Furniss & Schenk, 

1969 

Pinus banksiana Jack pine Pinus Northern N. America 

Furniss & Schenk, 

1969 

Pinus sylvestris Scots pine Pinus Europe 

Furniss & Schenk, 

1969 

Pinus nigra Austrian/Black pine Pinus Europe 

Furniss & Schenk, 

1969 

Pinus rigida Pitch pine Pinus Eastern N. America 

Furniss & Schenk, 

1969 

Pinus balfouriana Foxtail pine Ducampopinus California Wood 1982 

Pinus coulteri Coulter pine Pinus Southwestern N. Wood 1982 
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America 

Pinus edulis Colorado pinyon pine Ducampopinus 

Southwestern N. 

America Wood 1982 

Pinus jeffreyi Jeffrey pine* Pinus 

Southwestern N. 

America Wood 1982 

Pinus monophylla Single-leaf pinyon pine Ducampopinus 

Southwestern N. 

America Wood 1982 

Pinus roxburghii Chir pine Pinus Himalayas Smith et al. 1981 

Pinus muricata Bishop pine Pinus California Smith et al. 1981 

Pinus densiflora Japanese red pine Pinus Eastern Asia Smith et al. 1981 

Pinus echinata Shortleaf pine** Pinus Southeastern US Smith et al. 1981 

Pinus wallichiana Bhutan pine** Strobus South Central Asia Smith et al. 1981 

Pinus brutia Turkish pine** Pinus Eastern Mediterranean Smith et al. 1981 

Pinus attenuata Knobcone pine** Pinus Western N. America Smith et al. 1981 

Pinus elliottii Slash pine** Pinus Southeastern US Smith et al. 1981 

Pinus engelmannii Apache pine** Pinus 

Southwestern N. 

America Smith et al. 1981 

Pinus leiophylla Chihuahua pine** Pinus 

Southwestern N. 

America Smith et al. 1981 

Pinus palustris Longleaf pine** Pinus Southeastern US Smith et al. 1981 

Pinus patula Patula pine** Pinus Mexico Smith et al. 1981 

Pinus x 

sondereggeri Sonderegger pine** Pinus Southeastern US Smith et al. 1981 

Pinus taeda Loblolly pine** Pinus Southeastern US Smith et al. 1981 

Pinus thunbergii Japanese black pine** Pinus Japan and South Korea Smith et al. 1981 

*Rarely attacked and generally only in outbreak conditions     

** Attacked but reproductive suitability and/or ability to kill the tree is unknown (Smith et al 1981) 
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2 Chapter 2. Potential range expansion by mountain pine beetle into northeastern 

North American pine forests is not constrained by constitutive defenses of novel 

pines 

 

 

2.1 Summary  

As climates change, thermal limits may no longer constrain some native herbivores 

within their historic ranges. Host procurement will be critical for establishment of these 

species in new ranges and has important implications for resource managers, particularly 

if “novel” hosts are of economic value. The mountain pine beetle, Dendroctonus 

ponderosae Hopkins, is an aggressive bark beetle native to western North America that is 

currently expanding its range. Continued eastward expansion through the newly invaded 

and novel jack pine (Pinus banksiana Lamb.) trees of the Canadian boreal forest could 

result in exposure of several species of pines common in northeastern North America to 

mountain pine beetle, namely jack, red (P. resinosa Ait.), eastern white (P. strobus L.) 

and Scots (P. sylvestris L.) pine. Little is known of the susceptibility of these pines to this 

insect. We hypothesized that lack of historic and co-evolutionary association between the 

herbivore and a pine species will affect the insect’s ability to colonize a host. We studied 

colonization among logs of two historic hosts, ponderosa (P. ponderosa Dougl. ex. Laws. 

var. scopulorum Engelm.) and lodgepole (P. contorta Dougl. var. latifolia Engelm.) pine, 

and four historically novel pine species; jack, red, eastern white and Scots pine. Historic 

association with mountain pine beetle was not a reliable indicator of the degree of 

colonization success. Overall, the novel pine species tested appear susceptible to 

mountain pine beetle, yet key differences emerged at discrete phases in the colonization 

process. Historical and novel pine species differed in physical and chemical traits 
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associated with differences in constitutive resistance to this insect. Concentrations of α-

pinene, a precursor for pheromones requisite for cooperative host procurement behaviors, 

were similar across hosts, but concentrations of critical pheromone synergists were lower 

in novel pines. The historic pines exhibited higher concentrations of chemical deterrents 

to beetles than did novel pines, consistent with longer co-evolutionary selective 

pressures. We discuss implications that a lack of constitutive resistance to mountain pine 

beetle may pose to northeastern pines as this native aggressive herbivore extends its 

range toward eastern pine forests of North America. 

2.2 Introduction 

In recent decades, human activity and climate change have contributed to the 

global geographic range expansion of some herbivorous insects (Brockerhoff et al. 2006, 

Hickling et al. 2006, Raffa et al. 2008, Bentz et al. 2010, Aukema et al. 2010b). In 

particular, a number of forest insects have been highly successful in invading new areas 

(Bertheau et al. 2010), devastating urban, cultivated and natural forest systems at high 

cost to the public (Lovett et al. 2006, 2016, Gandhi and Herms 2010, Kovacs et al. 2010, 

Boyd et al. 2013). Host shifts are one important factor that can mediate geographic range 

expansions (Agosta 2006), providing the invaders access to a new resource pool and/or 

corridor(s) for expansion if novel hosts can be exploited. An understanding of the 

capacity of herbivores – especially forest insects – to shift hosts, permitting expansion to 

new geographic areas, is critical to assisting managers in developing preemptive 

strategies to reduce damage and prevent loss (Mack et al. 2000, Logan et al. 2010).  

The mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera, 

Curculionidae), is a bark beetle native to western North America ranging from southern 
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California to British Columbia and east to the western edge of the Great Plains in western 

South Dakota. Its predominant hosts are lodgepole (Pinus contorta Dougl.) and 

ponderosa pine (P. ponderosa Dougl. ex. Laws.), although the insect feeds and 

reproduces on almost all pines within its range (Wood 1982b). This insect typically 

undergoes a one-year lifecycle, exhibiting a temperature-mediated synchronized 

emergence of adults in late summer (Logan and Bentz 1999) crucial for host procurement 

activities (Safranyik and Carroll 2006). Insect densities typically remain low for decades, 

but populations can erupt when suitable host pools and environmental conditions 

coincide (Safranyik et al. 1975, Raffa et al. 2008). At outbreak levels, mountain pine 

beetles can kill pine forests on landscape scales (Meddens et al. 2012), altering forest 

ecosystem services (Logan et al. 2010), forest regeneration (Karst et al. 2015), fire 

severity (Harvey et al. 2014), carbon budgets (Kurz et al. 2008, Moore et al. 2013, Reed 

et al. 2014), and local climate (Maness et al. 2012).  

Spread of mountain pine beetle to northeastern North American and its potential 

impact on pine forest and plantation trees such as red (P. resinosa Ait.), eastern white (P. 

strobus. L.), jack (P. banksiana Lamb) and Scots (P. sylvestris L.) pines are a serious 

concern (Safranyik et al. 2010, Raffa 2014, Taft et al. 2015). Two potential pathways 

could facilitate the introduction of mountain pine beetle to eastern forests (Fig. 1.1). 

Anthropogenic movement of infested wood comprises the first pathway (Schaupp et al. 

1993, Brockerhoff et al. 2006a, Haack 2006, Aukema et al. 2010b, Jacobi et al. 2011). 

Indeed, the insect has been intercepted in shipped materials as far from its native range as 

New Zealand (Brockerhoff et al. 2006a). Similar anthropogenic introductions have been 

reported for other Dendroctonus spp. (Evans and Fielding 1994, Dodds et al. 2010, Sun et 
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al. 2012). The second pathway reflects continued natural spread through the boreal forest 

(Safranyik et al. 2010). The geographic range of mountain pine beetle has expanded north 

and east in recent years due to increased climatic suitability (Carroll et al. 2004, 

Sambaraju et al. 2012). In 2006, the beetle breached the historic geoclimatic barrier of the 

northern Rocky Mountains and moved into lodgepole pine forests of western Alberta 

(Robertson et al. 2009, de la Giroday et al. 2012). Over the past decade, populations of 

the insect expanded east into a lodgepole-jack pine hybrid zone and are now established 

in stands of pure jack pine, a “novel” host for this insect (Cullingham et al. 2011). If 

eastward expansion continues, the insect will encounter other novel eastern pine 

populations and species (Nealis and Peter 2008, Safranyik et al. 2010).  

Similar to many bark beetles (Wood 1982a), colonization of a tree by mountain 

pine beetle is characterized by a series of discrete events. Female pioneers orient to the 

tree, find a bracing point on the bark, and determine the potential suitability of the tree 

from gustatory stimulant and deterrent cues (Hynum and Berryman 1980, Raffa and 

Berryman 1982a, Wallin and Raffa 2000). If boring commences, female mountain pine 

beetles use α-pinene, a monoterpene found in the trees’ phloem tissues, to produce trans-

verbenol, an aggregation pheromone (Pitman and Vite 1969, Pureswaran et al. 2000). 

Joining males produce additional aggregation pheromones (Pureswaran et al. 2000), 

which enhance the signal of trans-verbenol in combination with several host volatiles 

(Pitman et al. 1968, Pitman and Vite 1969, Billings et al. 1976, Conn et al. 1983, Miller 

and Borden 2000, Miller and Lindgren 2000, Borden et al. 2008, Erbilgin et al. 2014). 

This attraction fosters a mass attack that can quickly overwhelm the tree defenses (Miller 

and Borden 2000, Campbell and Borden 2006b).  
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Pines utilize several defensive mechanical and chemical traits to curtail attacks 

(Berryman 1972, Franceschi et al. 2005, Boone et al. 2011, Lindgren and Raffa 2013, 

Krokene 2015), such that select trees with a higher defensive capacity may prevent 

colonization (Emerick et al. 2008, Kane and Kolb 2010, Ferrenberg et al. 2014, Bentz et 

al. 2015). Various studies have reported differences in susceptibility to colonization 

among trees of a single species, concurrent with intraspecific variation in particular 

defensive traits (Raffa and Berryman 1983a, Clark et al. 2010, Kane and Kolb 2010, 

Ferrenberg et al. 2014). Beetles are able to produce more offspring in historically naïve 

populations of lodgepole pine (Cudmore et al. 2010), likely due to reduced defensive 

responses by the naïve trees (Clark et al. 2014). However, greater variation in 

susceptibility can occur between trees of different species, where there are differences in 

both expression of defensive traits and the defensive strategy used (Raffa et al. 2013, 

Erbilgin et al. 2014, West et al. 2014, Bentz et al. 2015, Gray et al. 2015). Many of these 

studies have been conducted on live trees, which permit full function of induced defenses 

that are triggered by a challenge and may persist for some time (Clark et al. 2012, 

Keefover-Ring et al. 2016). Interspecific differences in susceptibility to bark beetles have 

been observed in harvested logs (Richmond 1933, Smith 1963, McKee et al. 2015, West 

et al. 2015), suggesting that constitutive defenses first encountered by the insects also 

mediate early colonization behaviors. 

The duration of historical associations between mountain pine beetle and its 

current hosts is unclear, as is the degree of co-evolution that has mediated current host 

use (Borden et al. 2008). However, the close coupling of host chemistry with beetle life 

history (Borden et al. 2008, Lindgren and Raffa 2013, Raffa 2014), as well as differences 
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in defensive responses of naïve versus historical pine populations (Clark et al. 2014), 

suggest a long co-evolutionary history (Raffa and Berryman 1983a). Thus, colonization 

dynamics – from mate attraction to host procurement – may differ between historic hosts 

and novel pine species, to which the mountain pine beetle has had no historical 

association. Establishment and persistence of mountain pine beetle at low densities can 

occur if hosts contain the appropriate chemical precursors for pheromone production 

(Boone et al. 2011, Erbilgin et al. 2014, Bleiker et al. 2014, Cale et al. 2015). Mountain 

pine beetle is persisting in novel jack pines in Alberta, for example, a population that has 

lower amounts of host volatiles able to synergize aggregation pheromones than jack pines 

in eastern regions (Erbilgin et al. 2014, Clark et al. 2014, Taft et al. 2015). Empirically, 

mountain pine beetle has colonized novel hosts on only two known occasions in arboreta, 

exhibiting varying degrees of success (Furniss and Schenk 1969, Smith et al. 1981). 

Thus, it is unclear if mountain pine beetle and pine species with which the insect has had 

no co-evolutionary relationship will be good “ecological fits” (Agosta 2006).  

To determine whether novel eastern pines may be suitable ecological fits for 

mountain pine beetle, and/or whether they have traits that may limit colonization, we 

designed a series of behavioral experiments to assess beetle response to novel hosts at 

each stage of the colonization process. We used two historic hosts, ponderosa and 

lodgepole pine, as positive controls to account for potential interspecific variation among 

historic hosts (West et al. 2015). We hypothesized that interspecific difference among 

pine species will mediate host colonization behavior. We were particularly interested in 

illuminating how co-evolutionary history may affect the colonization process in the face 

of known tightly co-evolved interactions between the insect and the tree (Sturgeon 1979, 
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Borden et al. 2008, Clark et al. 2010, Raffa et al. 2013), and how variation in colonization 

behavior may affect the potential for geographic range expansion to eastern North 

America. 

2.3 Materials and Methods: 

2.3.1 Host material 

We tested eastern white pine, jack pine, and red pine, all native to northeastern 

North America and of uncertain host status for mountain pine beetle, Scots pine, a 

Eurasian species commonly planted in North America and also of unclear host status, and 

ponderosa (P. ponderosa Dougl. ex. Laws. var. scopulorum Engelm.) and lodgepole pine 

(P. contorta var. latifolia Dougl.), two species common to western North America that 

are known hosts of mountain pine beetle. In 2013, we harvested two trees of each species 

on July 29 and 30 and two more on August 5 and 6. In 2014, the same numbers of trees 

were cut on August 4 and 5 and August 11 and 12, for a total of 48 pines for both years. 

All trees were free from any sign of damage or disease and approximately 24 cm DBH 

(diameter at breast height, approximately 1.4m above ground level) (Table 2.1).  

The eastern pines as well as quaking aspen (Populus tremuloides Michx.), which 

served as a negative control for bark acceptance experiments, were sourced from the 

University of Minnesota Cloquet Forestry Center, Cloquet, MN, USA (latitude, 

longitude: 46.701735, -92.521798). Ponderosa pines were cut from stands in the Black 

Hills of South Dakota, USA in 2013 (latitude, longitude: 44.12955, -103.48513) and 

2014 (44.12587, -103.56700). Lodgepole pines were harvested from the central Bighorn 

Mountains, Wyoming, USA in 2013 (44.60337, -107.21505 and 44.62710, -107.16303) 

and 2014 (44.31865, -106.94633 and 44.22341, -106.93212). From each tree, we cut five 
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logs at 1m lengths and immediately sealed cut ends with paraffin wax to reduce 

desiccation. Sealed logs were enclosed immediately in black terrapin body bags (BP 

medical supplies, Brooklyn, NY, USA) to prevent infestation by other insects. We 

transported all logs to an experiment station in the central Black Hills, SD within 24 h of 

harvest, and stored them on their cut ends in a closed building until use. 

We utilized cut material instead of live trees (where mountain pine beetle would 

normally reproduce) for several reasons. First, regulatory restrictions and biosafety 

concerns preclude introducing mountain pine beetle to living trees in eastern North 

America. Second, the novel pine species of interest do not occur within the historic range 

of mountain pine beetle. Third, any trees planted off-site are typically of high-value, 

precluding use in our experiments. Recently cut material has often been used by others to 

assess colonization dynamics of mountain pine beetle (Raffa and Berryman 1982a, 

Moeck and Simmons 1991, McKee et al. 2013, Raffa et al. 2013, Erbilgin et al. 2014, 

Cale et al. 2015, West et al. 2015, Burke and Carroll 2016) and allows an assessment of 

baseline constitutive effects between species in a common garden environment.  

2.3.2 Source of insects 

Mountain pine beetles were collected in 12-funnel Lindgren funnel traps 

(Lindgren 1983) with a commercially available pheromone lure (Contech Enterprises Inc, 

Delta, BC) from 6-8 locations along an approximately 6km transect during peak flight in 

the first and second weeks of August in the central Black Hills. Collection cups contained 

clear cellophane shred (Spring-Fill Industries, Northbrook, IL) as refugia to reduce 

damage from crowding. Beetles were collected daily, transferred to Petri dishes lined 

with a lightly moistened tissue paper (Kimwipe: Kimberly-Clark, Irving, TX), and stored 
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at approximately 5°C. We separated beetles by sex using auditory stridulation 

(Rosenberger et al. 2016) within 24 h of trapping. Beetles were stored for 1-5 d before 

use.  

2.3.3 Experiment 1: Bark entry 

To test the frequency at which mountain pine beetles enter the bark of each 

species of pine, female beetles were caged on logs. Log sections 60cm in length were cut 

from the lower bole of harvested trees. We measured the phloem thickness at three 

equidistant locations around the perimeter of the cut surface, and sealed the cut ends with 

paraffin wax to reduce desiccation. In 2013, ten 144cm
2
 cells (12 x 12cm) were 

constructed around the middle of the log using a border of 32 x 4mm closed-cell vinyl 

foam tape (W.J. Dennis & Company, Elgin IL). In 2014, two 625cm
2
 cells (25 x 25cm) 

were constructed on each log. Care was taken not to disturb bark texture, and gaps in the 

cell border were filled with additional strips of tape. We secured charcoal-colored 

aluminum screening (New York Wire, Hanover, PA) to the cells with staples but ensured 

no bracing point other than the bark itself was available for beetles to begin boring. We 

introduced 5 beetles per cell in 2013 and 15 per cell in 2014. Two trees of each species 

were used in 2013 and three trees in 2014. Scots pine was tested in 2014 but not 2013. 

Logs were placed upright indoors with natural light (approx.14L: 10D) and 

variable temperature (19-24°C). Logs were kept indoors to prevent colonization by other 

insects during the study. The logs were examined at 24, 48 and 72 h. We noted the 

presence and color of boring dust (i.e., dark = bark; light = phloem) and whether insects 

were visible or had begun vertical boring within the log indicating bark acceptance. At 72 

h, we debarked the logs to confirm the number of beetles that had bored through the outer 
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bark. Because no beetles bored into aspen, the negative control, it was not included in 

statistical analyses. To determine if bark acceptance behavior was similar between cut 

logs and live trees, we repeated the bark acceptance experiment in 2014 on four live 

ponderosa pine of similar diameter and origin to the logs used in the laboratory assays. 

2.3.4 Experiment 2: Phloem entry 

We examined the propensity of female beetles to initiate tunneling once the 

phloem was reached. We cut two 40 cm log sections from three of the 1m logs of each 

tree. In 2013, two additional lengths were cut from each tree for a total of 168 logs in 

2013 and 144 in 2014. Phloem thickness was measured, and ends were sealed with 

paraffin wax, as before. We drilled six equidistant holes that were 5 cm from one cut 

surface in 2013 and seven holes in 2014. Holes were 63mm in diameter and just scored 

the phloem. A female beetle was introduced to each hole within 24-48 h of trees being 

felled. We placed female beetles in microcentrifuge tubes (0.2 ml capacity; Eppendorf, 

Hamburg, Germany) with tops removed and inserted the open ends into the holes. Tubes 

were checked after 12 h for acceptance of phloem. Inactive females that had not entered 

the phloem (i.e., no boring dust in the microcentrifuge tube) were recorded as rejections. 

Rejecting beetles were replaced with new females for the following experiments.  

2.3.5 Experiment 3: Brood establishment 

We determined the proportion of adult female beetles that established 

ovipositional galleries and laid fertile eggs after accepting the phloem from 144 (24 of 

each pine species) of the 168 logs from 2013 and all 144 logs from 2014 used in 

Experiment 2. Males were added to three holes approximately 18-24 h after the first 
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female introductions. Vinyl screen was loosely attached over the entrance hole to reduce 

the chance of beetles falling out while the logs were handled. Logs were wrapped in 

charcoal-colored aluminum screening (New York Wire, Hanover, PA) and secured at 

both ends with staples to preclude entry by other wood-boring insects or predators before 

being stored outdoors for autumn and winter of 2013-14 and 2014-15. For a separate 

experiment (Chapt. 3 & 4), a subset of logs were debarked in January of each year. The 

remaining logs were returned indoors in April and placed in cardboard emergence tubes. 

Logs were debarked in mid-August after beetles had emerged (Chapt. 4). To determine 

brood establishment, galleries of mated females that had been provided a male and had 

established ovipositional galleries were inspected for a minimum of one horizontal larval 

gallery. 

2.3.6 Experiment 4: Attraction to tunneling beetles 

We assessed differences in attraction of beetles to infested pine substrate in a field 

study utilizing artificially infested logs in a choice experiment (McKee et al. 2013). 

Twelve sites, no closer than 350m, and directly adjacent to or within active outbreaks 

(characterized by pines with fading needles and fresh pitch tubes around the bole) were 

established in early August of 2013 and 2014. At each location, we arranged seven 12-

unit Lindgren funnel traps suspended from iron t-posts spaced every 3 m equidistantly 

around a ring. The funnel traps were attached to the t-posts with 35.5cm long aluminum 

shelving brackets that were secured with wire to the t-posts. Screen logs from experiment 

two, which contained both paired and unpaired females, were used as bait. One infested 

log of each of the six pine species was transported to each of twelve field sites within 48-

60 h of females being inserted. Logs were arranged at random and fixed with a hook next 
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to each trap with the beetle entry holes midway down the trap length. As a negative 

control, one trap was left with no log. Traps were checked approximately every 48 h and 

all insects were removed and counted. Traps remained set for 6 d as beetles are expected 

to produce relatively consistent amounts of pheromone over this period (Taft et al. 2015), 

and were then replaced with a second set of fresh logs that were prepared in the same 

manner as above. In this manner, approximately 2 wk of data were collected both years, 

and the signal of tunneling beetles in exposed logs never lasted more than 9 d (i.e., log 

preparation plus testing time). In 2013, logs were kept on the same t-post at each site for 

the length of the week, so total beetle catch for that treatment was summed for each 

week. In 2014, logs were re-randomized at each site each time a collection occurred. In 

2013, twelve sites were used each week. In 2014, twelve sites were used the first week, 

and six sites the second week.  

2.3.7 Chemical analysis of tree material 

 We collected phloem samples from logs to quantify monoterpene concentrations. 

A bark sample (≥5x5cm) with the phloem intact, was collected from a log of each of the 

four trees of each species in 2014 and two trees of red, eastern white, jack and ponderosa 

pine and one tree of lodgepole and Scots pine in 2013. Samples were removed within 

four days after trees were cut and stored in a freezer at -20°C until processing. A 1.5 cm
2
 

phloem sample was removed from the bark and phloem sample and cut into 

approximately 1 mm
2
 pieces. Phloem constituents were extracted twice with 0.75 mL 

(1.5 mL total) HPLC-grade hexane for 24 hours in a 2 mL vile at room temperature. 

Hexane was removed from the sample after each extraction with a 1 mL syringe. The two 

extractions were combined and passed through a 0.45 μm polyvinylidene fluoride syringe 
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filter (Analytical Sales and Services Inc, Pompton Plains, NJ) in preparation for GCMS 

analysis. The extracted phloem was placed in a fume hood for 1 wk at room temperature 

to dry. Once dry, the mass of phloem was recorded and used to normalize the 

concentrations of organic extracts.  

GCMS analysis was carried out by using a Shimadzu QP2010S equipped with a 

Restek Rxi-5ms column (30 m x 0.25 mm), and helium was used as the carrier gas at a 

column flow rate of 0.60 mL/min. Initial oven temperature was 55°C. This temperature 

was held for 5 min., stepped to 70°C at 1°C per minute, and then stepped to 160°C at 

15°C per minute and held for 2 minutes. Finally, the oven was stepped to 250°C at 30°C 

per min. and held for 4 minutes. 

All samples and standards contained isobutylbenzene as an internal standard at a 

final concentration of 0.025 mM. Analytic standards of α-pinene, β-pinene, 3-carene, 

myrcene, limonene, camphene, and 4-allylanisole were used to generate calibration 

curves and response factors compared to the internal standard. These titration curves and 

response factors were used to determine final concentrations and ratios for each 

compound in the phloem extracts. -phellandrene and limonene co-eluted under the 

separation conditions. The concentration of -phellandrene was approximated by 

subtracting the limonene signal based on unique ions in the mass spectrum and its 

calibration curve. The remaining peak area was attributed to -phellandrene and used to 

approximate its concentration.

2.3.8 Analysis 

Statistical analyses were completed in mixed effects framework in R (R Core 

Team, 2014). Separate generalized linear models with binomial distributions (lme4 
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package in R) were used to model the proportions of beetles of the total exposed to the 

treatment that entered the bark, accepted the phloem, and established brood, respectively. 

Fixed effects in the model were tree species, tree origin (historic or novel host), phloem 

thickness and total monoterpene concentrations. Random effects in the analysis of data 

from Experiments 2-4 include tree and log nested within tree. In selecting the most 

parsimonious variables that could explain each response variable examined, we relied on 

graphical data analysis, Akaike’s Information Criteria to judge model suitability (AIC), 

and p-values associated with inferential tests of the significance of the variables (α=0.05).  

We examined how phloem thickness, individual monoterpene concentrations and 

the number of mountain pine beetles captured in funnel traps (Experiment 4) varied with 

pine species in separate mixed-effect analysis of variance (ANOVA) models. Site and 

week were included as random effects. To meet model assumptions of homoscedasticity 

and normality of errors, all trap data and concentrations of 4-allylanisole were square-

root transformed, and concentrations of β-pinene, 3-carene, myrcene, limonene, β-

phelandrene and camphene were log(y+1) transformed. Where significant treatment 

effects existed (α=0.05), protected least significant difference tests were used to separate 

means in multiple comparisons (Carmer and Swanson 1973). 

We tested outliers by examining whether the presence of suspicious data points 

statistically changed the magnitude of the effect of interest (e.g., species of pine) on the 

response variable (e.g., number of insects captured). We did this by including a binomial 

indicator variable for suspiciously high trap catches as a covariate in the mixed effects 

model. If the P-value associated with the questionable catch was less than 0.05 divided by 

the total number of observations (i.e., Bonferroni’s correction), it was considered an 
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outlier. No outliers were found in 2013; however, in 2014, three points were removed. 

Two of these points came from a trap near a newly attacked tree, which can skew catch 

numbers (Burke and Carroll 2016).  

We constructed a test statistic to assess the degree of similarity between the 

rankings of pine species used as baits to capture flying beetles in Experiment 4 in 2013 

and 2014. Pine species both years were ranked from most attractive to least attractive 

based on mean numbers of insects captured. The test statistic was devised by squaring the 

difference in rank per treatment between years and summing those values. This procedure 

was then repeated 999 times with randomly generated rankings for both years. The 

placement of the test statistic from the empirical data relative to the 999 randomly 

generated test statistics reflects the probability of rankings having the same degree of 

similarity between years. 

Monte Carlo simulation was used to obtain an integrated estimate of the 

probability of brood production by a female alighting on each pine based on the outcomes 

of Experiments 1-3. Maximum likelihood estimates of species-specific proportions of 

beetles that entered the bark, entered the phloem, and produced brood were integrated 

into one model. Each parameter was assumed to be normally distributed with mean and 

variances derived from the maximum likelihood estimates of the logit-linked transformed 

proportions. A random draw was taken from each of the three distributions, then 

multiplied to obtain an estimate of susceptibility for a given species. The model was run 

100,000 times for each pine species to obtain an overall susceptibility distribution. The 

upper and lower 2.5 percentiles of the distribution were truncated to obtain the middle 

95% of the distribution, indicating susceptibility of a given pine species. 
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2.4 Results 

2.4.1 Experiment 1: Bark entry 

Overall, 532 of the 840 females initiated boring within 72 h of assay initiation, a 

boring rate of 63.3%. Beetles bored into the bark of all species of pines tested although 

the cumulative proportion that entered the bark by 24, 48 and 72 h varied among species 

(Table 2.2). Approximately 20-25% more beetles entered pines representing their historic 

hosts than novel eastern hosts by the 2-day and 3-day time points (contrasts; Day 1: χ
2
= 

1.68, df=1, P= 0.20; Day 2: χ
2
= 7.67, df=1, P= 0.006; Day 3: χ

2
= 7.80, df=1, P= 0.005). 

Phloem thickness did not affect propensity of an insect to penetrate the bark (Day 1: χ
2
= 

0.57, df=1, P= 0.45; Day 2: χ
2
= 2.82, df=1, P= 0.093; Day 3: χ

2
= 1.60, df=1, P= 0.21). 

When we compared our laboratory assays to insects boring in live trees, we found 

that the proportion of beetles entering the bark of live trees versus cut logs of ponderosa 

pine were similar after 24 h (Fig.2.1 ;χ
2
= 0.88, df=1, P= 0.35). However, approximately 

10% more insects entered the live trees versus cut logs after 48 h (χ
2
= 7.32, df=1, P= 

0.007) and 72 h (χ
2
= 6.38, df=1, P= 0.01). Overall success rates approached 95% for the 

live trees, and 80% for the cut logs (Fig. 2.3). No beetles initiated boring before 

subsequently rejecting the live hosts in the three days of observation.  

2.4.2 Experiment 2: Phloem entry 

Our second experiment assessed whether beetles that had entered the bark would 

subsequently tunnel into the phloem. The majority (84.7%) of the 1123 beetles in this 

experiment actively bored into the phloem within 12 h of being introduced to the phloem, 

although the proportion that bored varied by species (Fig. 2.3A; χ
2
=19.12, df=5, 

P=0.002). Jack pine exhibited the lowest percentage of females entering the phloem, with 
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15-19 percent fewer beetles entering jack pine phloem than ponderosa, red or eastern 

white pine phloem (Fig. 2.3A). There was no overall effect of historical association of 

pine with the mountain pine beetle on phloem entry (χ
2
=0.907, df=1, P=0.34). Likewise, 

we found no overall effect across years of phloem thickness on the proportion of females 

that entered the phloem (χ
2
=0.027, df=1, P=0.87). However, there was a weak negative 

effect of phloem thickness on likelihood of phloem entry in 2014 (χ
2
=4.90, df=1, 

P=0.027). There was no relationship between total monoterpene concentration and 

insect’s acceptance of phloem (χ
2
=0.15, df=1, P=0.70). 

2.4.3 Experiment 3: Brood establishment 

 A total of 840 galleries were established by the paired female and male beetles 

from the subset of logs used in Experiment 2. Of these galleries, 70.2% established 

brood, although the likelihood of brood establishment varied among pine species (Fig. 

2.3B; χ
2
=27.18, df=5, P<0.0001). The percentage of females that established brood was 

13% greater in historic pines than in novel pines (χ
2
=4.70, df=1, P=0.03). Brood 

establishment rates appear to be driven, in part, by phloem thickness, with thicker phloem 

in historic hosts (Table 2.2). While there was some evidence for a relationship between 

likelihood of brood establishment and phloem thickness overall (χ
2
=3.74, df=1, P=0.053), 

we found that phloem thickness explained more variation in likelihood of successful 

brood establishment in 2014 than did species of pine. Thinner phloem (χ
2
=22.4, df=1, 

P<0.0001) and greater total monoterpene concentrations (χ
2
=6.1, df=1, P=0.01) resulted 

in fewer successful galleries. 
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2.4.4 Modeled susceptibility to colonization 

By integrating the results of Experiments 1-3 (i.e., bark is entered, boring is 

initiated in the phloem, and brood establishment occurs), we examined overall 

susceptibility to colonization (Fig. 2.4). In general, less than 50% of adult females placed 

on the bark completed the series of discrete steps in host colonization that would result in 

live progeny under the bark. There were notable differences between species, however. 

Ponderosa pine appeared to be twice as susceptible to mountain pine beetle colonization 

as lodgepole pine. Susceptibility also differed between novel pines, with red pine being 

more susceptible than any of the other novel hosts and even lodgepole pine. Eastern 

white pine was the least susceptible pine, although still similar overall to lodgepole pine 

(Fig. 2.4).  

2.4.5 Host attraction 

The number of mountain pine beetles caught in funnel traps associated with 

infested logs varied among pine species in 2013 (F6,138=3.70 , P=0.002) and 2014 

(F6,372=3.10 , P=0.009) (Fig. 2.5). In general, traps associated with ponderosa and Scots 

pine logs caught the most beetles, while traps associated with logs of eastern white pine 

captured the least. The rankings of attraction between the seven treatments were 

consistent between years, with the exception of jack pine. Traps baited with infested jack 

pine captured more beetles than ponderosa pine in 2013, but fewer than all but eastern 

white pine in 2014. While there was not a significant likelihood (P=0.17) of rankings 

being consistent between years with jack pine included, removal of the jack pine 

treatment resulted in a significant likelihood of consistency of the remaining six rankings 

between years not being due to chance (P=0.006). Despite the consistency of these 
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patterns, overall, very few beetles were captured. Traps associated with infested 

ponderosa pine logs were the only treatments that caught significantly more beetles in 

both years than unbaited traps (Fig. 2.5). More flying beetles were caught in traps 

associated with historic than novel pines in 2014 (F2,376=4.41, P=0.013), although this 

pattern was not apparent in 2013 (F2,142=0.595, P=0.553).  

2.4.6 Chemical concentrations in pines 

 The total absolute monoterpene concentrations of the phloem differed among pine 

species (Fig. 2.6; F5,28=12.91, P<0.0001). On average, historic hosts (i.e., ponderosa and 

lodgepole pines) had 6 and 8 times more total monoterpenes than did novel hosts on 

average, respectively. Notably, Scots pine was the only novel pine to have absolute 

concentrations of a known pheromone synergist, 3-carene, similar to those of historic 

pines (Fig. 2.7B). We found minimal absolute concentrations of limonene and 4-

allylanisole, two known beetle deterrents, among the novel pines. This is the first report 

to our knowledge of 4-allylanisol in red pine. The only chemical that did not differ 

among pines in absolute concentrations was α-pinene (Fig. 2.7; F5,28=1.44, P<0.24), 

though relative concentrations of α-pinene (i.e., percent α-pinene relative to all other 

monoterpenes measured) did vary (Fig. 2.8; F5,28=42.1, P<0.0001).  

2.5 Discussion:  

At a time when range expansions of many forests insects are resulting in 

devastating consequences to hosts in new ranges (Aukema et al. 2011, Sun et al. 2012, 

Kendra et al. 2013), our results fail to provide evidence that constitutive defenses of 

novel hosts a priori protect pine species common to eastern North America by interfering 

with discrete colonization behaviors. Constitutive monoterpene concentrations can be 
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lethal to other bark beetles in just a few days (Raffa and Smalley 1995), and resin toxicity 

is a key deterrent of colonization in the mountain pine beetle’s native range (Smith 1963). 

Induced defenses are also critical to tree defense from these insects (Raffa 1991, 

Franceschi et al. 2005), but are only stimulated after the insects and their fungi have 

breached the host (Raffa and Smalley 1988, Klepzig et al. 1996, Raffa et al. 2013). 

Indeed, we found that entry rates of female beetles in our freshly-cut logs and live trees 

were similar after 24 h (Fig. 2.2). Moreover, our findings that 68.7% of beetles entered 

the bark of logs of lodgepole pines after three days, are similar to boring rates of 61.9% 

of beetles on live lodgepole pines over three days in Alberta, Canada (Latty and Reid 

2010). Thus, even though inducible defenses would presumably increase upon 

beetle/fungal challenge in live novel hosts (impossible to test at this time due to 

quarantine regulations), we expect that our results are comparable to what might occur on 

live trees in early stages of attack, the focus of this behavioral study.  

The attraction of beetles to these hosts is consistent with certain aspects of their 

chemical profiles. For example, the concentration of trans-verbenol released by boring 

beetles is correlated with the amount of its monoterpene precursor, α-pinene, present in 

the phloem (Taft et al. 2015). In our study, we note that attractive ponderosa (2013, 2014) 

and jack pines (2013; Fig. 2.7A) also tended to exhibit higher absolute concentrations of 

α-pinene than other species, although the mean absolute concentration of α-pinene was 

statistically similar across species (Fig. 2.7A). Relative, rather than absolute, α-pinene 

concentration has also been suggested to be important in explaining differential beetle 

attraction (Burke and Carroll 2016). However, while red, eastern white, and Scots pines 

exhibited 3.5-4.5 times the relative proportions of α-pinene as did ponderosa pine (Fig. 
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2.8), none were more attractive, suggesting that concentrations of other volatile 

monoterpenes that enhance attraction to mountain pine beetle pheromones may explain 

observed differences in attraction. Reduced concentrations of synergists would result in 

low attraction even if high concentrations of trans-verbenol were produced (Billings et al. 

1976, Borden et al. 2008). Indeed, all four novel hosts had significantly lower 

concentrations of myrcene (Billings et al. 1976, Miller and Lindgren 2000) than 

lodgepole and ponderosa pines, and all but Scots pine had lower concentrations of 3-

carene (Erbilgin et al. 2014) than the historic pines (Fig. 2.7). Terpinolene has also been 

show to synergize response of flying beetles to trans-verbenol (Billings et al. 1976). 

Terpinolene is present in high concentrations in ponderosa, lodgepole and Scots pine 

(Manninen et al. 2002, Emerick et al. 2008, West 2013, Erbilgin et al. 2014) but at low 

concentrations or absent in jack, red and eastern white pine (Erbilgin et al. 2001, Cale et 

al. 2015, Taft et al. 2015).  

If variations in concentrations of pheromone synergists were fully responsible for 

differences in attraction of beetles between species, our lodgepole pine logs should have 

been just as attractive as ponderosa pine logs. Greater concentrations in lodgepole pine of 

4-allylanisole, a phenylpropanoid deterrent of mountain pine beetle and other bark beetles 

may explain why this was not the case (Hayes and Strom 1994, Werner 1995, Emerick et 

al. 2008). Indeed, the absolute concentration of 4-allylanisole in lodgepole pine was 14 

times greater than that found in ponderosa pine (Fig. 2.7H). Ponderosa pines in Colorado 

and New Mexico surviving attacks by mountain pine beetle were found to have higher 

relative concentrations of 4-allylanisole than those that did not (Emerick et al. 2008). A 

masking, or pushing, effect offers a compelling explanation for the low attraction of 
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infested lodgepole pine in our study. Deterrence by 4-allylanisole also suggests a 

defensive adaptation in lodgepole pine to historic beetle pressure not strongly developed 

in novel hosts, and deserves further study. The hypothesis that 4-allylanisole has evolved 

as a deterrent is further supported by the fact that ponderosa and eastern white pine, the 

species with the second and third highest concentrations of 4-allylanisole respectively 

(Fig. 2.7H), have also historically faced the two other most aggressive bark beetles in the 

Dendroctonus genus (Raffa et al. 1993, Lindgren and Raffa 2013); western pine beetle 

(D. brevicomis) and southern pine beetle (D. frontalis) respectively. 

2.5.1 Application to novel northeastern pines 

 Our results suggest that eastern forests are likely susceptible to the mountain pine 

beetle due to a general ecological “fit” between the beetle and novel hosts (Agosta 2006). 

By integrating the three steps in colonization, we were able to estimate overall 

susceptibility to compare beetle preference in historic and novel hosts (Fig. 2.5). 

Susceptibility of Scots, jack and eastern white pine was similar to lodgepole pine, and red 

pine was similar to ponderosa pine. Here, we provide a summary of risk to each “novel” 

species based on these experiments, and comment on future research and regulatory 

measures to reduce the potential for introduction of this potential pest to forests of eastern 

North America. 

 Overall, the least susceptible novel pine, eastern white pine, was no more 

susceptible to mountain pine beetle than the least susceptible historic host, lodgepole pine 

(Fig. 2.4). Constitutive resistance found in eastern white pine is primarily conferred at the 

bark level, however, resistance in lodgepole occurred at each stage of colonization, as a 

highly-defended host. Bark rejection may be due to physical traits such as smoother bark 
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(Safranyik 1971), high lignin content (Krokene 2015), or repulsive gustatory cues 

(Hynum and Berryman 1980, Raffa and Berryman 1982a). Even after three days 

exposure, less than 50% of the beetles had entered the phloem of eastern white pine 

(Table 2.2). Resistance conferred by the bark of this host may reduce its susceptibility at 

low beetle densities. Reduced susceptibility in eastern white pine does not mean that this 

host will not be attacked, however, or that stands of eastern white pine will fully resist 

mountain pine beetle. Indeed, a high proportion of the eastern white pines that beetles 

entered were successfully attacked and killed in an arboreta in Idaho in the 1960s 

(Furniss and Schenk 1969) and 2014 (D.W. Rosenberger pers. obs). Primary reliance on 

resistance at only one point in the colonization process suggests that once the bark is 

breached, eastern white pine may be particularly susceptible. This corroborates reports of 

general resistance by eastern white pine to southern pine beetle at endemic levels, but 

susceptibility at outbreak levels (Anderson and Doggett 1993, Hain et al. 2011). We do 

further note that eastern white pine was the least attractive to foraging beetles (Fig. 2.5), 

likely due to low concentrations of synergists and possibly higher concentrations of 4-

allylanisole (Fig. 2.7).  

Overall, red pine appeared to exhibit the highest suitability for mountain pine 

beetle of the novel pines examined (Fig. 2.4). Beetles tunneled into red pine at rates 

greater than eastern white pine (Table 2.2), although infested red pine logs were not 

highly attractive to foraging beetles. Reduced attraction in our study likely reflects low 

concentrations of pheromone synergists in the phloem (Fig. 2.7), even though pheromone 

production by mountain pine beetle has been demonstrated on this host (Cale et al. 2015). 

Induced defenses of live red pines in response to fungi vectored by the beetles could also 
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reduce overall susceptibility. In general, red pine demonstrates rapid and high induced 

monoterpene responses to pathogenic fungi (Klepzig et al. 1995, Raffa and Smalley 

1995). Induced responses to Grosmania clavigera and Ophiostoma montium, the 

common fungal associates of mountain pine beetle, remain unquantified, and induced 

responses can differ between fungal species (Raffa and Smalley 1988, 1995, Lieutier et 

al. 1989, Jost et al. 2008). Regardless, attacks on red pines in an arboreta in Idaho have 

demonstrated apparent susceptibility (Furniss and Schenk 1969). 

Infested Scots pine, and possibly jack pine, may be more attractive to flying 

beetles possibly due to the presence of pheromone synergists in their phloem. Jack pine 

in Alberta have high concentrations of the synergist 3-carene (Clark et al. 2014, Taft et al. 

2015) and are particularly attractive to mountain pine beetles (Erbilgin et al. 2014). 

However, eastern jack pine often has little of this monoterpene (Taft et al. 2015), 

although it does have the greatest concentration of another synergist, myrcene, among the 

novel pines (Fig. 2.7). Increased relative attraction of mountain pine beetle to infested 

Scots pine may be due to higher concentrations of 3-carene and terpinolene (Manninen et 

al. 2002) relative to the other novel pines. This greater attraction may also explain why 

Scots pines were the only common northeastern pine attacked in an arboretum in 

California (Smith et al. 1981) and why they were the first trees to be attacked in the 

recent attacks at Shattuck Arboretum in Idaho (D. Rosenberger, pers. obs).  

Reduced susceptibility in Scots and jack pine relative to red pine (Fig. 2.4) may 

be correlated with thinner phloem (Table 2.1) as previous observations in arboreta where 

nearly half (Furniss and Schenk 1969) or all (Smith et al. 1981) attacks on live Scots 

pines were unsuccessful. Phloem thickness is positively correlated with attack probability 
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(Elkin and Reid 2004) and reproductive success in mountain pine beetle (Amman 1969, 

1972a, Berryman 1976, Amman and Pasek 1986), although its relationship with 

colonization success has been less well studied. A positive correlation between phloem 

thickness and colonization success supports the preference-performance hypothesis, 

which posits that parents choose the most suitable host for offspring fitness (Thompson 

1988, Gripenberg et al. 2010). Since thin phloem results in fewer offspring (Amman 

1972a), preference for pine species with thick phloem once the outer bark has been 

breached suggests that female assessment of phloem thickness at early stages of 

colonization drive this preference. Phloem thickness is a plastic trait related to growth 

rate and tree diameter (Cole 1973, Shrimpton and Thomson 1985, Davis and Hofstetter 

2014), consistent with greater stand susceptibility at older ages (Safranyik and Carroll 

2006). Particularly high resin flow in live Scots pine (Kyto et al. 1998), relative to 

lodgepole pine (Boone et al. 2011), may also provide additional defensive capabilities in 

this host that we did not test here. 

2.5.2 Conclusions 

Our study quantifies the initial colonization behaviors of mountain pine beetle in a 

common garden environment and how they vary among historic and novel hosts. 

Although previous reports of susceptibility of eastern pines to mountain pine beetle have 

been sparse and inconsistent (Furniss and Schenk 1969, Smith et al. 1981), our results 

provide an understanding of the “ecological fit” (Agosta 2006) of this aggressive 

herbivore with novel hosts, and provide an important piece to assessment of the 

likelihood of host range expansion among pines common to northeastern North American 

forests (Furniss and Schenk 1969, Smith et al. 1981, Erbilgin et al. 2014, Cale et al. 
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2015). We found little evidence that constitutive defenses, critical in early stages of 

attack, will preclude mountain pine beetle from colonizing eastern pines. Red pine may 

be most susceptible to landing beetles while eastern white pine, similar to observations 

with southern pine beetle in the southeastern United States (Anderson and Doggett 1993, 

Hain et al. 2011) may be least susceptible. 

We do note that colonization is distinct from reproduction (Chapt. 4). Tree 

mortality can occur after a colonization event, however, irrespective of the successful 

reproduction of the insect progeny. Mountain pine beetle, like some other bark beetles, 

vector virulent fungi (Solheim and Krokene 1998) that extract nutrients from the 

sapwood (Six and Paine 1998, Bentz and Six 2006, Goodsman et al. 2012) and reduce 

water flow from the roots to the canopy within the tree, greatly accelerating tree mortality 

(Hubbard et al. 2013).  

This information may be useful and applicable to other systems undergoing 

dramatic range shifts. For instance, mountain pine beetle and southern pine beetle are the 

only two Dendroctonus species with wide host ranges (within Pinus) generally 

considered “facultative predators” of live, well-defended trees (Raffa et al. 1993, 

Lindgren and Raffa 2013). While the mountain pine beetle is a future threat to common 

northeastern pines that have never exhibited historical association with an aggressive 

bark beetle, the southern pine beetle has already begun expanding its range north from 

the southeastern United States (Tran et al. 2007, Weed et al. 2013). This insect has spread 

hundreds of miles north in recent years and was found in New England in 2014 (Hassett 

et al. 2015). It has successfully attacked and killed all four common northeastern pines 

used in this study (Rutledge, C. pers. comm.). Indeed, both the mountain pine beetle and 
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southern pine beetle attack trees in a similar fashion via mass attacks, and respond in 

similar ways to host monoterpenes during colonization events (Cook and Hain 1986, 

Seybold et al. 2006). 

Much future work is necessary to more fully understand the impacts mountain 

pine beetle may have among novel hosts as the insect moves higher in elevation and 

expands eastward, subjecting new pine populations to attack (Logan and Powell 2001, 

Safranyik et al. 2010, Cudmore et al. 2010, Cullingham et al. 2011, Raffa et al. 2013). 

Future work should investigate suitability of eastern pines for fungal and microbial 

symbionts, differences in physical and induced defenses of these pines to beetle-vectored 

fungi, novel interactions with other subcortical insects and predators, and reproductive 

potential. Our finding that novel northeastern pines have little innate chemical defenses 

that preclude susceptibility to beetle colonization provides further encouragement to 

state, provincial, and federal governments to take steps to ensure this aggressive insect is 

not accidentally introduced to eastern areas of North America (Nealis and Cooke 2014).  
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2.7 Tables 

Table 2.1 Mean (SE) diameter at breast height (DBH) (cm) of trees cut (n=4 per species per year) and mean (SE) phloem thickness 

(cm) of each species for each of 6 logs cut from the bole of each tree. Means within a column followed by the same letter are not 

significantly different. 

  2013   2014 

Species DBH (SE) cm Phloem (SE) cm   DBH (SE) cm Phloem (SE) cm 

Ponderosa 25.76 (0.58) 2.02 (0.08) 

 

24.22 (0.21) 3.10 (0.06)a 

Lodgepole 24.28 (0.57) 2.01 (0.07) 

 

23.61 (0.48) 3.18 (0.05)a 

Jack 22.63 (0.71) 1.56 (0.04) 

 

22.93 (0.55) 2.00 (0.06)c 

Red 24.63 (1.30) 1.89 (0.04) 

 

23.10 (0.36) 2.47 (0.04)b 

Eastern White 24.60 (0.78) 1.86 (0.06) 

 

24.13 (0.63) 2.50 (0.10)b 

Scots 24.03 (0.90) 1.61 (0.03)   23.56 (0.93) 2.09 (0.07)bc 

F5,18 1.46 2.61 

 

0.83 12.51 

P 0.25 0.06   0.54 <0.0001 
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Table 2.2 Proportion of female mountain pine beetles that bored through the bark of six species of pine over a three day period. 

Means within a column followed by the same letter are not significantly different. 

 

 24 hours 48 hours 72 hours 

Species Host mean % (±95%CI) mean % (±95%CI) mean % (±95%CI) 

Ponderosa historic 44.0 (36.3, 52.0) a 67.3 (59.4, 74.4) a 74.8 (66.5, 81.7) a 

Lodgepole historic 28.0 (19.9, 36.9) b 58.7 (50.6, 66.3) ab 68.8 (60.0, 76.4) ab 

Jack novel 31.3 (23.0, 40.7) b 50.7 (42.7, 58.6) b 56.7 (47.7, 65.3) bc 

Red novel 38.7 (29.5, 48.4) ab 60.0 (52.0, 67.5) ab 68.1 (59.3, 75.8) ab 

Eastern White novel 17.3 (11.2, 24.9) c 28.7 (22.0, 36.4) c 47.3 (38.5, 56.3) c 

Scots novel 30.0 (19.7, 42.1) b 57.8 (47.4, 67.5) ab 65.7 (54.1, 75.7) ab 

χ
2

5  20.68 50.36 24.55 

P  0.00093 1.168E-09 0.00017 

No beetles bored into aspen, the negative control, and is therefore excluded from the analysis.
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2.8 Figures 

 

 
Fig. 2.1. Approximate historic (light grey) and current (black) extent of mountain pine 

beetle range in North America. The light arrow represents current range expansion and 

dashed arrows represent potential pathways to eastern pine forests. Historic and novel 

pines comprise the ranges of those used in this study (data from Safranyik et al. 1975, 

Wood 1982b, McGill 2014). 
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Fig. 2.2. Mean (+SE) proportion of female beetles entering four live ponderosa pine trees 

(n=120) and cut logs from five different trees (n=150) over a three day period. Bars 

within a time period with the same letter are not significantly different. 
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Fig. 2.3. (A) Mean (+SE) proportion of female beetles accepting phloem after 12 hours 

when placed into direct contact with phloem through pre-drilled holes. (B) Mean (±SE) 

proportion of galleries from logs infested with mountain pine beetle with larval galleries 

present after at least five months. Presence of larval galleries indicates mated pairs 

accepted the log and laid fertile eggs. Light and dark bars represent historic and novel 

pines respectively. Bars with the same letter are not significantly different. 
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Fig. 2.4. Cumulative probability of female beetles entering the bark, accepting the 

phloem and proceeding to establish fertile egg galleries. Factors were integrated using a 

Monte Carlo simulation model. Light and dark bars represent historic and novel pines 

respectively. Probability distributions show the middle 95% of the distribution, with 

upper and lower 2.5% of the tails removed. 



 

 

62 

 

Ponderosa Lodgepole Jack Red Eastern white Scots Control

B
e
e
tl
e
s
 c

a
u
g
h
t 

(m
e
a
n
 +

S
E

) 
p
e
r 

6
 d

a
y
s

0

1

2

3

4

2013

ab

cd

a

bcd

d

abc

cd

Ponderosa Lodgepole Jack Red Eastern white Scots Control

B
e
e
tl
e
s
 c

a
u
g
h
t 

(m
e
a
n
 +

S
E

) 
p
e
r 

2
 d

a
y
s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
a

abc
bc

bc

c

ab

bc

2014

 
Fig. 2.5. Mean (+SE) number of beetles caught in funnel traps adjacent to various species 

of logs infested with boring beetles (n=12 sites) over a six day period (2013) and a two 

day period (2014). Light and dark bars represent historic and novel pines respectively. 

Bars with the same letter are not significantly different. 
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Fig. 2.6. Total mean (+SE) monoterpene concentration (mg/g of phloem) of six species of 

pines used in this study. ). Light and dark bars represent historic and novel pines 

respectively. Bars with the same letter are not significantly different. 



 

 

64 

 

PonderosaLodgepole Jack Red Eastern white Scots

C
o

n
c
e

n
tr

a
ti
o

n
 (

m
e

a
n

 +
S

E
) 

m
g

/g
 p

h
lo

e
m

0.0

0.2

0.4

0.6

0.8

1.0

Ponderosa Lodgepole Jack Red Eastern white Scots

C
o

n
c
e

n
tr

a
ti
o

n
 (

m
e

a
n

 +
S

E
) 

m
g

/g
 p

h
lo

e
m

0.00

0.02

0.04

0.06

0.08

0.10

-pinene

Camphene

Ponderosa Lodgepole Jack Red Eastern white Scots

C
o

n
c
e

n
tr

a
ti
o

n
 (

m
e

a
n

 +
S

E
) 

m
g

/g
 p

h
lo

e
m

0.00

0.05

0.10

0.15

0.20

1.50

2.00

2.50
-pinene

Ponderosa Lodgepole Jack Red Eastern white Scots

C
o

n
c
e

n
tr

a
ti
o

n
 (

m
e

a
n

 +
S

E
) 

m
g

/g
 p

h
lo

e
m

0.00

0.05

0.10

0.15

0.60

0.80

1.00

Myrcene

Ponderosa Lodgepole Jack Red Eastern white Scots

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

3-carene

Ponderosa Lodgepole Jack Red Eastern white Scots

0.00

0.02

0.04

0.06

0.50

1.00

1.50

2.00

2.50
Limonene

Ponderosa Lodgepole Jack Red Eastern white Scots

0

1

2

3

4

5

6

7

8

-phellandrene

Ponderosa Lodgepole Jack Red Eastern white Scots

0.000

0.005

0.010

0.015

0.020

0.200

0.250
4-allylanisole

a

a
a

a

a
a

a

ab

bc

cdcdd

a

a

b
b b

b

a

b

c
bc bc bc

a

b

b
b

b

c

a

b

c c c c

a

a

b

c c
c

a

b

c
c

bc

c

A B

C D

E F

G H

 
Fig. 2.7. Mean (+SE) absolute chemical composition of logs from the six species of pines 

used in this study. Samples were extracted from two logs of each pine in 2013 with the 

exception of Scots and lodgepole from which only one was taken, and each of the four 

trees of each species in 2014. ). Light and dark bars represent historic and novel pines 

respectively. Bars with the same letter are not significantly different. Note that scales of 

y-axis vary between chemicals. 
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Fig. 2.8. Mean (+SE) relative concentration (proportion) of α-pinene in logs of six 

species of pines in relation to the seven primary monoterpenes measured. Light and dark 

bars represent historic and novel pines respectively. Bars with the same letter are not 

significantly different. 

 

  



 

 

66 

 

3 Chapter 3. Cold tolerance of mountain pine beetle among novel eastern pines: A 

potential for trade-offs in an invaded range? 

 

 

 

 

3.1 Summary  

The mountain pine beetle (Dendroctonus ponderosae Hopkins) is an aggressive 

bark beetle native to western North America. While cold winter temperatures have 

historically constrained the northern limits to its distribution, in recent years this insect 

has spread north and east of its historic range into novel pine hosts in the Canadian boreal 

forest. Continued expansion through the boreal forest or anthropogenic movement could 

result in the mountain pine beetle becoming invasive in pines in eastern North America. 

Previous work has suggested that cold tolerance may be affected by host pine species; 

however, it is unknown whether novel eastern pines would affect overwintering survival. 

The limiting effect of cold among novel host pines is crucial for understanding the risk 

posed to northeastern North American forests. Here, we report the results of experiments 

designed to assess the susceptibility of mountain pine beetle to cold temperatures while 

overwintering in different pine species. We investigated the supercooling points of 

various life-stages and the lower lethal temperatures of late instar larvae, the primary 

overwintering stage, in western pine hosts (lodgepole, Pinus contorta Dougl. var. latifolia 

Engelm.; and ponderosa, P. ponderosa Dougl. ex. Laws. var. scopulorum Engelm.) and 

eastern pines (jack, Pinus banksiana Lamb.; red, P. resinosa Ait.; eastern white, P. 

strobus L.; and Scots, P. sylvestris L.) that are novel to this insect. We found that the cold 

tolerance strategy of larvae varied by host and year. Observed mortality of late instar 

larvae in the field was more consistent with forecasted overwintering mortality rates from 
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lower lethal temperature models than from supercooling point distributions. We further 

observed that more rapid development by brood in novel hosts to less cold tolerant pupal 

and adult stages prior to winter may constitute a trade-off between host suitability and 

winter mortality. In sum, we demonstrate that overwintering survival of mountain pine 

beetles among different pine species depends on an ecological match between host 

species and climatic seasonality.  

3.2 Introduction  

Management of forest pests, particularly phytophagous insects, is a vital 

component of mitigation strategies for climate change (Brockerhoff et al. 2006b, 

Liebhold and Tobin 2008, Tobin et al. 2014, Raffa et al. 2015). The challenge for forest 

managers, however, is an influx of new species that may adversely affect forests from 

trade routes (Brockerhoff et al. 2006a, Haack 2006, Aukema et al. 2010b). Moreover, 

climate change is directly and indirectly affecting the distribution and activity of native 

and invasive insects (Carroll et al. 2004, Raffa et al. 2008, Bässler et al. 2013, Bebber et 

al. 2013, Tobin et al. 2014). Novel host trees may influence the life history traits of these 

insects in unexpected ways (Awmack and Leather 2002). The ability to accurately predict 

those areas most at risk will require a robust understanding of how climate and host affect 

the life history and population dynamics of invasive species.  

The mountain pine beetle (Dendroctonus ponderosa Hopkins) is one 

economically important insect that is expanding its range due to climatic warming 

(Safranyik et al. 2010, Raffa et al. 2013, 2015). Mountain pine beetle is an aggressive 

bark beetle (Coleoptera: Curculionidae) native to western North America where it can 

attack most pines (Pinus sp.) within its range (Safranyik and Carroll 2006). Recent 
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outbreaks have killed millions of hectares of pine in western North America (Meddens et 

al. 2012) and contributed to a depletion of the forest carbon stock similar to that of all 

forests fires in the same region combined (Hicke et al. 2013). The northern range of the 

mountain pine beetle has historically been limited to southern British Columbia by cold 

winter temperatures (Safranyik et al. 1975); the range of its most common host, 

lodgepole pine (P. contorta Dougl. var. latifolia Engelm.), extends much farther north. In 

recent years, mountain pine beetle has expanded north and east due to increasingly 

suitable climate (Carroll et al. 2004, Safranyik et al. 2010). The breach of the geoclimatic 

barrier of the Rocky Mountains in western Alberta (de la Giroday et al. 2012) coincided 

with expansion into jack pine (P. banksiana Lamb.) of the boreal forest, a pine species 

and ecosystem historically naïve to this insect. Continued eastward expansion through the 

boreal forest or anthropogenic movement of infested wood could result in the 

introduction of this insect to other novel eastern pine species with no co-evolutionary 

history with this aggressive bark beetle (Safranyik et al. 2010, Raffa et al. 2015). Some 

assessments suggest that with continued climate change, most North American pine 

forests will have winters that are moderately to highly suitable for mountain pine beetle 

survival within the next 100 years (Bentz et al. 2010). 

Mountain pine beetle generally has one generation per year, allowing for mass 

emergences in late summer able to overwhelm the defenses of vigorous, large-diameter 

trees during outbreaks. Broods typically advance through four instars in the late summer 

and early fall, although development rate may differ among hosts (Sturgeon and Mitton 

1986). Development at low temperatures is more rapid for early instars than late instars 

(Bentz et al. 1991, Régnière et al. 2012), which enables early instars to “catch up” with 
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siblings oviposited earlier, synchronizing the population as late instars (Powell et al. 

2000).  

Previous research on mountain pine beetle suggests a delicate relationship 

between development, cold tolerance, and hosts. Eggs and early instars are less cold 

tolerant than late instars (Reid and Gates 1970, Safranyik and Linton 1998, Cooke 2009), 

and pupae and teneral adults rarely survive the winter (Reid 1963, Amman 1973). Thus a 

greater proportion of the brood entering winter as late instars, also the common 

overwintering stage (Amman 1973, Bentz and Mullins 1999), may result in greater 

survival in the spring (Reid 1963, Amman 1973). Hence winter mortality, especially 

among late instars, remains one of the key mortality factors for this insect (Cole 1981, 

Langor 1989). Larvae are responsive to temperature fluctuations and can adjust 

cryoprotectant (glycerol and trehalose) concentrations (Somme 1964, Strongman 1982) 

and cold tolerance (Yuill 1941). Supercooling points for late instars vary with location, 

but average midwinter values for larvae acclimated in the field range from -26.5 (Bentz 

and Mullins 1999), to -36.7°C (Cooke 2009). Host may affect cold tolerance of larvae 

(Wygant 1940, Yuill 1941). Wygant (1940) observed that a lower temperature was 

required to achieve 100% mortality of larvae from limber pine (P. flexilis James) than 

lodgepole pine, for example, and similar results have been observed in mixed stands of 

these pine species in the field (Langor and Spence 1991). 

Much research on mountain pine beetle cold tolerance has focused on the 

supercooling point (Somme 1964, Strongman 1982, Bentz and Mullins 1999, Cooke 

2009). Supercooling points have been criticized as an incomplete measure of cold 

tolerance because insects respond to cold in many ways (Nedvěd 2000, Renault et al. 
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2002). Some chill intolerant insects are unable maintain ion balance at low temperatures 

and die due to cellular damage prior to freezing (MacMillan et al. 2015). Other freeze 

intolerant insects can maintain ion balance at low temperatures and produce 

cryoprotectants in the hemolymph, lowering the temperature at which they freeze; 

however, ice formation within the body results in damage and mortality. Finally, some 

insects are freeze tolerant and able to withstand ice formation in the body. For mountain 

pine beetle, early (Somme 1964) and late instars (Bentz and Mullins 1999) are reported to 

die upon freezing. Bentz and Mullins (1999) also reported that all larvae cooled to 4°C 

above the average supercooling point survived. This result suggested that the 

supercooling point would be an appropriate measure of low temperature limits because 

larvae are chill tolerant but freeze intolerant. 

Here, we report the results of experiments designed to determine how host may 

impact mountain pine beetle overwintering success, particularly in the context of the 

current range expansion of the insect and its potential to colonize novel eastern hosts. We 

measured supercooling points, lower lethal temperatures and development rates of 

overwintering brood in six pine species. Two species, lodgepole and ponderosa pine (P. 

ponderosa P. & C. Lawson) were historical hosts, and four pine species, jack, red (P. 

resinosa Ait.), eastern white (P. strobus L.) and Scots pine (P. sylvestris L.) had no 

significant historical association with mountain pine beetle. We hypothesized that the 

insects would be freeze intolerant as suggested by previous work (Somme 1964, Bentz 

and Mullins 1999), and that cold tolerance would differ among host species. 
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3.3 Methods:  

3.3.1 Material Preparation 

In general, these experiments required us to work with insects in cut logs because 

(i) the novel Pinus spp. of interest do not grow within the current range of mountain pine 

beetle; (ii) adult beetles will only colonize large diameter trees; and (iii) we cannot 

introduce mountain pine beetle into the environs of eastern North America. A total of 

eight trees of each species were cut, four in 2013 and four in 2014. Each year uninfested 

trees were cut on two occasions, with two trees of each species being cut each time, one 

week apart in early August. Lodgepole pine were cut in the eastern Big Horn mountains 

of Wyoming west of Big Horn, WY the first year (latitude, longitude: 44.60337, -

107.21505 and 44.62710, -107.16303) and west of Buffalo, WY the second year 

(44.31865, -106.94633 and 44.22341, -106.93212). Ponderosa pine were cut in the Black 

Hills in areas near current outbreaks near Nemo, SD the first year (44.12955, -103.48513) 

and near Silver City, SD the second year (44.12587, -103.56700). Jack, red, eastern white 

and Scots pines were cut at the Cloquet Forest Research Center, MN (46.701735, -

92.521798). All pines were 23-30 cm diameter at breast height (DBH, approximately 1.3 

m above ground) and had a full crown with no signs of bark beetle attack and no visible 

mistletoe infection. The main stem of each tree was cut into 1m sections, immediately 

waxed to slow desiccation, and placed into zippered tarapuan body bags (BP medical 

supplies, Brooklyn, NY, USA) for transport to the Black Hills, where they were further 

cut into 40 cm bolts and the waste discarded. We measured phloem thickness at two to 

three random locations on each cut end. These measurements were averaged to obtain a 

mean phloem thickness for each log. The logs were then waxed and stored indoors. 
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Beetles used to infest logs were caught in 12-funnel Lindgren funnel traps baited 

with pheromones (Contech Enterprises Inc, Delta, BC) in an ongoing outbreak in 

ponderosa pine forests in the Black Hills of South Dakota, U.S.A. near Silver City. 

Beetles were immediately sexed audibly by stridulation (Rosenberger et al. 2016) and 

stored in Petri dishes on moist Kimwipes (Kimberly-Clark, Irving, TX) at approximately 

5°C for ≤ 3 days before use. Six holes were drilled through the bark on each log to the 

phloem with a 0.63cm drill bit; each hole was within 5cm from one cut end. A female 

beetle was placed in a microcentrifuge tube that was gently inserted into the hole to allow 

unimpeded beetle entry into the phloem. Logs were stored upright with beetles near the 

base. Beetles were checked after 12 hours for boring dust, which signified acceptance of 

the host substrate. Dead or inactive beetles were replaced. Males were added to three of 

the six holes within 24 hours. Males were replaced after 12 hours if they did not enter the 

gallery. Logs were sealed in aluminum screening to keep other insects from infesting 

them. The logs were hung for 5 days in the forest as part of a separate experiment (Chapt. 

2) and then moved to the north side of a building at the USDA Forest Service Mystic 

Ranger Station outside of Rapid City, SD to overwinter. In mid-October, 2013, 

temperature probe data-loggers (HOBO, Onset Computer Corporation, Bourne, Mass.) 

were inserted under the bark on the north and south sides of two logs of each species to 

measure under-bark temperatures. In 2014, probes were inserted immediately after being 

moved to the overwintering location. An additional temperature recorder was suspended 

30cm above the ground to obtain air temperatures. 
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3.3.2 Beetle extraction and storage 

Logs were moved to St. Paul, MN in late December of 2013 and the first week of 

January in 2015 in their aluminum screening in construction-grade plastic bags inside 

zippered tarpaulin bags. The logs remained in bags and were stored in a secured but 

unheated building (temp. < 0°C). Individual insects were removed from the logs by 

cutting the bark lengthwise and carefully pealing it back with a chisel. All life stages 

except eggs of the mountain pine beetle were collected and tallied by visual estimation of 

stage (small larvae, large larvae, pupae, teneral adult, and parent). Small larvae that had 

head capsules less than approximately 0.75mm in diameter and were primarily located in 

short larval galleries were likely first or second instars (Chapt. 4). Large larvae that had 

head capsules greater than 0.75mm and were located in long larval galleries or pupal 

chambers were likely third or fourth instars (Chapt. 4). The color of each larva was noted. 

Discolored (i.e., darkened) larvae were considered dead and not used in cold tolerance 

tests (Wygant 1940, Amman 1973), although they were still tallied. Individuals to be 

used for cold tolerance tests were placed immediately into individual 1.5ml micro 

centrifuge tubes, and all brood were stored at -5°C. All tests were completed within 4 d of 

individuals being removed from the log. 

3.3.3 Cold tolerance tests  

Tests to determine supercooling points and lower lethal temperature of fourth 

instar mountain pine beetles from each pine species were conducted in January and early 

February 2014 and in January 2015. In 2014 we measured head capsules of larvae 

(Chapt. 4) that were used in experiments to determine accuracy in selecting fourth instar 

larvae. Ninety-eight percent of hand selected larvae were confirmed to be fourth instars, 
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indicating high accuracy in selecting fourth instars for experiments. Insects were placed 

in microcentrifuge tubes in contact with a copper thermocouple as described by Stephens 

et al. (2015). Temperatures were recorded once per second via an analog data acquisition 

unit (USB-TC, Measurement Computing Corporation, Norton, MA) and TracerDAQ Pro 

software (Measurement Computing Corporation, Norton, MA). In 2014 individual 

microcentrifuge tubes with the insects and thermocouples were cooled at ~1°C per minute 

as per Carrillo et al. (2004). In 2015, a refrigerated bath circulator (A40, Thermo Fisher 

Scientific, Newington, NH) with SIL-180 silicon oil was used to cool the insects at 1°C 

per minute. The microcentrifuge tubes containing the thermocouple and beetle were 

placed in glass test tubes that were lowered into the coolant bath.  

3.3.4 Supercooling point tests 

To determine the effect of host on larval supercooling points, we used a 

randomized complete block design in which larvae from each pine species were tested in 

the same run (i.e., block). Supercooling points were determined by recording the lowest 

point prior to the exotherm released due to the latent heat of fusion when liquid freezes. 

Larvae were removed after approximately 2-3 minutes, once the exotherm returned to the 

supercooling point. Larval mass was measured following treatment.  

While a majority of the overwintering mountain pine beetles were larvae, in 2014, 

some pupae and teneral adults were also available for testing. The supercooling points of 

pupae and male and female teneral adults from each of the pine species were measured. 

Individuals from the different pine species were pooled for statistical analysis.  
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3.3.5 Lower lethal temperature tests 

We used a randomized complete block design for lower lethal temperature tests, 

similar to above. For lower lethal temperature tests, larvae were cooled from 21°C to a 

randomly chosen temperature between -20°C and -42°C, inclusive, in one degree 

increments in 2014 and between -21°C and -38°C in 2015. In 2015, half the batches were 

cooled to a randomly assigned temperature and half were removed directly after the 

exotherm when the temperature of the insect had returned to the supercooling point. This 

approach allowed us to obtain a large number of insects from the same populations for 

which we had both supercooling point measurements and lower lethal temperature 

measurements. After the target temperature was achieved, larvae were removed from the 

cooling unit, their mass measured, and allowed to warm to room temperature while 

remaining in microcentrifuge tubes. For every two lower lethal temperature treatment 

batches, control larvae from each pine species were set aside and remained at room 

temperature to estimate mortality that was not due to cold exposure. Supercooling point 

measurements obtained from lower lethal temperature experiments were combined with 

the supercooling point data for analysis. We tested 40 blocks (one larvae from each pine 

species in each block) in 2014 and 63 blocks in 2015.  

3.3.6 Mortality evaluation 

Previous work (Somme 1964, Bentz and Mullins 1999) indicated that larval 

survival could be assessed by movement within a day of treatment. However, we 

observed that some beetles took several days to become active and develop after 

treatment. In addition, many beetles that underwent exposure to extreme temperatures 

well below their supercooling point resumed movement for a short time, though they died 
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as late as several weeks post-treatment without resuming normal activity and 

development compared to controls. Thus, we modified a method from Wygant (1940) to 

assess survival after cold exposure: larvae were held in the microcentrifuge tubes that 

were stuffed with 2.5x2.5 cm pieces of KimWipe to simulate a pupal cell. The KimWipe 

was dampened with 2mL of deionized water, and a small hole was made in the cap for 

ventilation. Tubes were stored on their sides to allow larvae to move and kept in a dark 

box at room temperature. Survival was determined by whether beetles continued normal 

behavior and development by either boring into the moist Kimwipe, demonstrating 

feeding behavior, or by molting to the next developmental stage. Survival was assessed 

after 1, 2, 4, and 7 days after cold exposure and then twice a week until the insect reached 

adulthood or died. Thus in our experiments, we assessed effects that were not 

immediately lethal but yet still result in mortality. Approximately 10% of control and 

15% of chilled larvae did not move when warmed to room temperatures, indicating that 

some healthy-appearing larvae were dead or mortally injured during extraction from logs 

(Wygant 1940), which could affect lower lethal temperature curves. Thus, insects that 

never resumed movement in lower lethal temperature tests were removed from further 

analysis allowing us to control for prior unobservable mortality. Because beetles can 

rapidly de-acclimate at room temperature (Cooke 2009)(see supplementary material), 

assessment of mortal injury before cold exposure was not possible.  
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3.3.7 Statistical Analysis 

3.3.7.1 Survival of early winter cold snap 

All data were analyzed using R (R Development Core Team, 2014). To determine 

differences in the proportions of larval mortality between species and between stages in 

logs exposed to the sub-zero temperatures in November 2014, data were analyzed by 

using a generalized linear mixed effects model with a binomial distribution in the lme4 

package. To account for multiple individuals assessed from the same log and multiple 

logs from the same tree, terms for log and tree were included as random effects. Chi 

square tests were used to test for differences in survival between larval stages and 

between species.  

3.3.7.2 Overwintering supercooling points between stages 

  Mixed effects ANOVA models (nlme package in R) were used to analyze 

supercooling point data and make comparisons between natal hosts for larvae and 

between stages for data obtained from pupal and adult supercooling point tests. Model 

assumptions of homoscedasticity and normality of errors were assessed via inspections of 

residual plots. For all models, terms for tree and log within tree were included as random 

effects. F-tests were used to obtain a global estimate of the treatment effect, and means 

were separated between species using a Tukey HSD post-hoc test with the multcomp 

package.  
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3.3.7.3 Comparison of lower lethal temperature data between species and between 

years 

 Lower lethal temperature data were analyzed by using logistic regression. 

Survival curves were modeled by using a binomial distribution and logit link function. 

We compared survival curves between years to determine if data could be pooled. Within 

year, curves were compared between species to determine whether mortality rates 

differed at 0°C (intercept) and rate of change in mortality with each degree change in 

temperature (slope) differed between species. This approach allowed for a more thorough 

analysis of the curves than only comparing a single point (e.g., temperature at which 50% 

mortality occurs). For this analysis probability of observing a positive event (i.e., 

survival) was the dependent variable and temperature, data group (i.e., year one or two 

for comparison of years, and species for comparison between species curves) and their 

interaction were included as independent variables. Wald tests, using a marginal fit, were 

used to compare these models. 

3.3.7.4 Comparison of lower lethal temperature and supercooling point 

Cumulative supercooling point curves and lower lethal temperature curves were 

compared using logistic regression as above. Comparisons of these curves allow us to 

determine whether freezing and mortality are equivalent for this insect (i.e., evidence of 

freeze intolerance), or whether mortality occurs before or after freezing, which would 

indicate chill intolerance or freeze tolerance respectively (Stephens et al. 2015, Cira et al. 

2016). To determine overall similarity between freezing and mortality for each year, the 

dependent variable was the probability of observing a positive event, which was survival 

for lower lethal temperature data and freezing for the cumulative supercooling point 
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curve. As above, independent variables were temperature, data group (lower lethal 

temperature or supercooling point) and an interaction between the two variables. The 

same analysis was then done to compare freezing and mortality at the natal pine species 

level by constructing separate models for each species each year. Estimated LT50 and 

LT90 values and associated variances were obtained with the MASS package in R using 

the dose.p function.  

3.3.7.5 Field Validation 

 To determine whether our models were able to predict mortality at a specified 

temperature, we used the predict.glm function in R to obtain predicted mortality at the 

minimum temperature experienced by larvae in each pine based on the average under-

bark temperatures recorded prior to debarking. Observed mortality was obtained by 

finding the proportion of dark larvae from all logs of each pine species.  

3.4 Results 

3.4.1 Early winter field mortality 

The first year we found predominantly pupae and teneral adults in the novel hosts, 

and larvae in the historic hosts (Table 3.1). We observed little natural mortality (8.2%) 

among larvae overall the first year, despite under-bark temperatures reaching around -

21°C in early to mid-December (Fig. 3.1). In the second year, most individuals were 

larvae and higher mortality (25%) was observed (Table 3.1). An early winter cold snap 

occurred the second year when daily low air temperature dropped from 2°C on 9 

November 2014 to -22°C on 13 November 2014. Daily low average under-bark 

temperatures (averaged for the north and south faces of the cut log) reached -13°C (Fig. 
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3.1). We found some evidence for an effect of host on survival of early instar larvae the 

second year, with a greater proportion surviving in ponderosa, jack and red than in 

lodgepole, eastern white or Scots pines (χ
2
=10.04, df=5, P=0.07). We observed no clear 

effect of pine species on survival of late instar larvae (χ
2
=5.83, df=5, P=0.32). We found 

a significant effect of larval stage on survival (χ
2
=145.6, P<0.001), with early instar 

larvae in all but jack pine exhibiting lower survival than late instars (Fig. 3.2).  

3.4.2 Supercooling points  

In the first year, supercooling points differed among mountain pine beetle life 

stages (F3,295=149.0; P<0.0001). Larvae had significantly lower supercooling points 

(mean ± SE: -30.69°C ± 0.23) than pupae (-13.4°C ±1.5) or male (-12.4°C ±1.9) or female 

teneral adults (-19.2°C ±1.4) (Fig. 3.3) or teneral adults as a whole (-16.6°C ±1.3). The 

mean supercooling points of pupae and male teneral adults were not significantly 

different but were both significantly warmer than those of female teneral adults (Fig. 3.3). 

The second year, the mean larval supercooling point (-30.7°C ±0.22) was similar to the 

first year (F1,46=0.021; P=0.89). The minimum larval supercooling point observed over 

both years in our experiments was -38.4°C and the maximum was -19°C. Natal pine 

species affected supercooling points of larvae in the first (F5,18=9.07; P=0.0002), but not 

the second (F5,18=1.14; P=0.38) year (Table 3.2). Larvae from lodgepole and Scots pine 

had the lowest and highest mean supercooling points respectively, each year. An 

interaction between pine species and year precluded us from combining larval 

supercooling point data from both years. Live mass of larvae did not affect supercooling 

point the first (F1,267=0.003; P=0.96) or second year (F1,223=0.665; P=0.42). 
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3.4.3 Lower lethal temperatures 

Lower lethal temperature curves describe survival as a function of exposure to 

sub-zero temperatures. Comparisons of these curves among the six pine species indicated 

that projected mortality at 0°C (i.e., the intercept) was not affected by host in the first 

(χ
2
=4.34, df=5, P=0.50) or second year (χ

2
=8.0, df=5, P=0.16). The change in 

survivorship with each degree of cooling (i.e., the slope) was also not affected by host in 

either year (Year 1: χ
2
=4.22, df=5, P=0.52; Year 2: slope: χ

2
=6.26, df=5, P=0.28). 

However, host may affect at what temperatures mortality occurs as we observed a 4°C 

spread in LT50s the first year (red to Scots: t=1.97, df= 62, P=0.053) and 5.5°C the 

second year (red pine to jack pine: t=2.18, df=63, P=0.033) (Table 3.2). Survival among 

controls was 84.4% overall, but no effect of species on control mortality was observed 

(χ
2
=2.7, df=5, P=0.75). 

3.4.4 Comparison of modeled supercooling point and lower lethal temperature 

We found that freezing and mortality showed the same response to temperature in 

some pines, but not in others (Fig. 3.4). In 2014, the proportions of individuals that froze 

at 0°C (i.e., intercepts) and the rate of freezing were positively correlated with mortality 

in larvae from ponderosa, jack, red and Scots pines. In contrast, freezing and mortality 

were unrelated among larvae from lodgepole and eastern white pine, with mortality 

commencing prior to freezing. This pattern indicates that factors other than freezing 

contributed to mortality at low temperatures among these hosts (Fig. 3.4, Table 3.3). 

However, in 2015, freezing was only positively correlated with mortality in ponderosa 

and red pine, while other factors appeared to be involved in mortality among larvae from 

the other four pine species. In larvae from these pines (lodgepole, jack, eastern white and 



 

 

82 

 

Scots), a high proportion of mortality occurred in the population prior to freezing (Fig. 

3.4, Table 3.3). Comparisons of supercooling points and LT50s from supercooling point 

and lower lethal temperature curves with similar slopes showed no difference between 

freezing and mortality in these measures except in red pine (t=2.88, df=39, P=0.0064), 

which had a warmer supercooling point than LT50 the first year. This result indicates that 

larvae from red pine demonstrate some degree of freeze tolerance.  

3.4.5 Survival of supercooling 

In addition to observing mortality prior to and at the point of freezing, we also 

observed some larvae from each pine species survive some level of ice formation within 

their bodies. Indeed, 13.5% of larvae survived after an exotherm was detected. Natal host 

did not affect freeze tolerance overall (χ
2
=8.79, df=5, P=0.12), although four times as 

many larvae reared in red pine survived ice formation, compared to those from lodgepole 

or eastern white pine (Fig. 3.5).  

3.4.6 Field validation 

 We used measured under-bark temperatures and the supercooling point and lower 

lethal temperature models (Fig. 3.4) to determine expected mortality of late instar larvae 

in overwintering logs given a certain exposure temperature. Cumulative supercooling 

point models consistently overestimating the proportion of live late instar larvae found in 

logs (Table 3.4). However lower lethal temperature models provided generally more 

reliable estimates of mortality, and all observed values fell within 95% confidence 

intervals around the predicted value (Table 3.4). 
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3.5 Discussion  

Our research empirically demonstrates that host species can affect cold tolerance 

and pre-winter development rate, two important life-history traits, for mountain pine 

beetle (Régnière and Bentz 2007, Bentz and Powell 2014). These findings have critical 

implications for the suitability of novel hosts for this insect, and thus potential for range 

expansion. Previous work has suggested that different life stages of the mountain pine 

beetle may have different tolerances to cold temperatures (Wygant 1940, Strongman 

1982, Safranyik and Linton 1998, Cooke 2009, Lester and Irwin 2012). This study shows, 

for the first time in a common garden environment, that larvae in late instars are 

significantly more cold tolerant, supercooling 12 -18°C lower than pupae or teneral adults 

(Fig. 3.3). However, we were unable to test cold tolerance strategy among pupae or 

teneral adults, or the effect of host on their cold tolerance in this study. Our results are 

also the first to suggest a sex-related difference in cold tolerance among overwintering 

adults, a bimodality that has received little attention in cold tolerance literature (Salin et 

al. 2000, Renault et al. 2002), yet which may have important implications for sex ratios 

and colonization dynamics of mountain pine beetle throughout its range (James et al. 

2016). The mean supercooling point of teneral adults in our study (-16.6°C) was 

substantially warmer than reported for diapausing adults overwintering after depositing 

brood (-28.7°C) (Lester and Irwin 2012). The reason for this difference is unclear but 

may be related to the significant shifts in adult physiology that occur during and post host 

colonization (Pitt et al. 2014). We further observed higher mortality in early instars (Fig. 

3.2), similar to others, despite reports of little difference in supercooling points among 

instars (Somme 1964, Bentz and Mullins 1999). Similar supercooling points, yet higher 
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mortality in early instars may be evidence for chill intolerance in these stages as well. 

Further work should investigate this possibility further. 

The combination of rapid pre-winter development, and differences in cold 

tolerance among life stages, may constitute a trade-off in novel pine hosts. More rapid 

development is often positively correlated with other performance traits (Amman 1982, 

Langor 1989, Cerezke 1995, Bentz 1999) and is likely an indicator of greater nutrition 

(Goodsman et al. 2012) and a higher quality host (Amman 1982, Safranyik and Linton 

1983). Overwintering in late stages is uncommon in the beetle’s historic range (Reid 

1963, Bentz 1995). This result may demonstrate host specific selection pressure for 

appropriate seasonality in lodgepole and ponderosa pines (Bentz et al. 2014). In novel 

hosts this interaction between development rates and host species may be disrupted. 

Brood in red pine in particular developed at faster rates both years (Table 3.1), resulting 

in brood in these hosts generally becoming less cold tolerant as a population (due to some 

reaching less cold tolerant stages) once winter arrived. Faster development prior to winter 

and variable rates of development among pine species within a stand may result in earlier 

and desynchronized emergence the following year. Establishment of brood earlier in the 

summer could result in an even larger proportion of the population obtaining enough 

development degree days to reach pupa or adult stages, which could further negatively 

affect the likelihood of winter survival. Thus differences in rates of development could 

have cascading impacts on the population dynamics of the mountain pine beetle among 

novel hosts and in eastern forests. 
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3.5.1 Host impact on cold tolerance 

Contrary to our expectations, mortality was not strictly associated with freezing in 

all hosts, with larvae in some hosts dying before freezing (Fig. 3.4). Mortality prior to 

freezing in an otherwise freeze intolerant insect has been observed by others (Renault et 

al. 2002), but the possible role of host in mediating survival of chilling is intriguing. 

Mortality and freezing were not closely associated in either year in lodgepole and eastern 

white pine. Rather, our results indicate that larvae were dying before they froze (i.e., were 

chill intolerant) in these hosts. In jack and Scots pines, mortality was closely associated 

with freezing the first, but not the second year. The extent of mortality and freezing at 

different temperatures were similar in ponderosa and red pine however, indicating that 

larvae in these hosts were likely freeze intolerant of possibly freeze tolerant in red pine. 

In our study, larvae from lodgepole pine showed little to no survival after 

freezing, similar to the findings of others (Somme 1964, Bentz and Mullins 1999). 

However survival of freezing was more prevalent in some other pine hosts, with over 

25% survival in red pine (Fig. 3.5). It is unclear why chill intolerance was not previously 

detected, however it may be due to the ability of our methods to assess lethal injury due 

to chilling treatments, a metric not assessed by others (Bentz and Mullins 1999).  

In addition to how larvae respond to freezing, we also found, similar to others, 

that the effect of cold temperatures on mortality differed among pine species (Table 3.2). 

Previous lower lethal temperature studies (Wygant 1940, Yuill 1941) in common garden 

environments and field observations in mixed stands (Langor and Spence 1991) 

suggested differences in lower lethal temperatures among larvae from different western 

hosts. Host effects on cold tolerance have been demonstrated in several insect species 

previously (Worland and Lukešová 2000, Zvereva 2002, Liu et al. 2007, 2009, Hou et al. 
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2009, Trudeau et al. 2010, Rochefort et al. 2011, Feng et al. 2016), however, host effects 

are generally not considered in most studies of cold tolerance. In fourth instar larvae, we 

observed a spread in LT50s of 4°C the first year and 5.5°C the second year (Table 3.2), 

similar to past studies that reported spreads of 3°C (Yuill 1941) and 5°C among historic 

hosts (Wygant 1940). Thus a greater proportion of larvae may be killed in Scots, jack and 

eastern white than in red pine in a mixed stand exposed to the same temperatures. We 

also observed differences in supercooling points among hosts, with a difference of as 

much as 5°C the first year when we were able to detect a statistical difference. A similar 

trend in supercooling points between hosts occurred the second year, with a spread of 

2°C, although no detectable statistical difference was observed (Table 3.2).  

3.5.2 Parameters for suitability models 

 By utilizing under-bark temperatures in the different pine hosts, we were able to 

compare observed and predicted mortality (Table 3.4). In this field validation of 

cumulative supercooling point and lower lethal temperature models (Fig. 3.4), 

supercooling point models were consistently conservative in their estimate of mortality, 

while our lower lethal temperature models more accurately predicted observed mortality 

in most cases (Table 3.4), demonstrating their predictive value. Host mediated differences 

in cold tolerance may reduce the accuracy of models parameterized on a single host to 

accurately project winter mortality. Our results for supercooling points for lodgepole pine 

(-33.2°C ±0.43SE in Year 1, and -31.6°C ±0.48SE in Year 2) are consistent with the 

global value (-32.3°C ±0.06SE) for full cold tolerance used in the model developed by 

Régnière and Bentz (2007), parameterized from a sample of larvae from primarily 

lodgepole pine from across a broad geographical region (Bentz and Mullins 1999, 
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Régnière and Bentz 2007). However, mean supercooling point values from larvae from 

other pines in our study deviated from that value by as many as 4°C (Table 3.2). This 

deviation further increased by 6°C when LT50s are used. However while host may exact 

varying effects, we observed LT90’s among all hosts to be warmer than a threshold of -

40°C (Safranyik et al. 1975), suggesting that the use of this parameter my provide a lower 

limit for survival as proposed by others (Safranyik et al. 1975, 2010, Carroll et al. 2004).  

3.5.3 Significance to eastern forests 

Our results have implications for mountain pine beetle winter survival. In the 

beetle’s native range some mortality due to cold temperatures likely occurs (Cole 1975, 

Amman 1984), but selection acts to match development rate and cold tolerance to the 

climate of the region (Bentz et al. 2014), facilitating outbreak potential (Sambaraju et al. 

2012, Weed et al. 2015). In areas of the eastern North America with winter temperatures 

similar to western forests (e.g., central Great Lakes region and New England), more rapid 

development in certain novel pines may result in high mortality among pupae and adults. 

In areas with winters typically colder than the native range of the insect (e.g., 

Northwestern Great Lakes region and areas north of New England), brood developing in 

red pine may be particularly successful due to generally greater cold tolerance and 

reduced likelihood of reaching less cold tolerant life-stages prior to winter (Table 3.1, 

Fig. 3, Chapt. 3.4). Further research is needed to more fully integrate climate, 

development and cold tolerance throughout the range of these pines.  
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3.5.4 Conclusions 

Our findings that host species can affect both the cold tolerance and development 

rate of overwintering brood and that mountain pine beetle cold tolerance can be 

significantly different among life-stages may complicate accurate projections of 

overwintering capacity in novel forests of eastern North America. These results further 

suggest that overwintering capacity among novel hosts may be an important factor to 

consider in assessment of habitat suitability among herbivores experiencing range 

expansions. Our results support those model projections that suggest the western Great 

Lakes region has been too cold for mountain pine beetle establishment in the past (Bentz 

et al. 2010), despite the beetle’s capacity for long distance dispersal (Jackson et al. 2008) 

and the availability of potential pine hosts (Furniss and Schenk 1969). However, warming 

temperatures may allow for future establishment via natural expansion or human 

movement. Future work should investigate how host type and climate may interact 

throughout the range most at risk for invasion. Our study shows that winter mortality will 

likely be a factor among novel pines in northeastern North American pine forests, similar 

to western forests, but that such mortality may be mediated by host species.  
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3.7 Tables 

Table 3.1. Stage distribution of mountain pine beetles in the winters of 2013-14 and 2014-15 from evolutionarily novel and historical 

pine species reared in eight logs of each species each year in Black Hills, SD. Stage distribution was determined in January of each 

year. 

 

  

 

 

Proportion 

Year Host species Host Type n Early Instar  Late Instar  Pupae Adults 

2013-14 Ponderosa Historical 1085 0.08 0.45 0.19 0.28 

 

Lodgepole Historical 694 0.09 0.51 0.15 0.24 

 

Jack Novel 856 0.06 0.37 0.14 0.43 

 

Red Novel 985 0.01 0.22 0.13 0.64 

 

Eastern white Novel 1399 0.07 0.41 0.15 0.38 

  Scots Novel 686 0.15 0.28 0.12 0.44 

2014-15 Ponderosa Historical 1393 0.04 0.94 0.004 0.002 

 

Lodgepole Historical 747 0.17 0.82 0.000 0.003 

 

Jack Novel 701 0.08 0.90 0.001 0.016 

 

Red Novel 878 0.09 0.86 0.019 0.035 

 

Eastern white Novel 1213 0.03 0.96 0.001 0.002 

  Scots Novel 534 0.11 0.89 0.004 0.000 
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Table 3.2. Mean supercooling point and temperatures required for 50% and 90% mortality of late instar mountain pine beetles from 

different pine species. Mean supercooling points with the same letter are not significantly different form each other. 

  2014     2015   

  

SCP  

(°C±SE) n 

LT50 

(°C±SE) 

LT90 

(°C±SE) n 

 

SCP 

(°C±SE) n 

LT50 

(°C±SE) 

LT90 

(°C±SE) n 

Ponderosa -30.3 ±0.46bc 56 -32.1 ±1.5 -38.2 ±2.7 30 

 

-30.0 ±0.68 44 -28.3 ±1.3 -36.5 ±2.8 50 

Lodgepole -33.2 ±0.43a 49 -30.6 ±1.8 -37.6 ±3.8 30 

 

-31.6 ±0.48 39 -29.2 ±1.0 -34.4 ±1.4 53 

Jack -31.2 ±0.51ab 53 -31.1 ±1.0 -34.6 ±1.6 35 

 

-30.5 ±0.51 46 -25.9 ±2.4 -37.2 ±3.5 51 

Red -28.8 ±0.63c 51 -33.3 ±1.5 -38.6 ±2.6 29 

 

-31.0 ±0.48 45 -31.4 ±0.9 -36.8 ±1.7 55 

Eastern white -33.1 ±0.47ab 45 -31.6 ±1.6 -39.3 ±3.1 34 

 

-31.6 ±0.48 42 -27.7 ±1.5 -36.4 ±2.4 56 

Scots -28.2 ±0.47c 57 -29.4 ±1.4 -35.5 ±2.4 34   -29.6 ±0.61 38 -27.5 ±1.8 -39.6 ±4.2 58 
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Table 3.3. Logistic regression model parameters for species-specific lower lethal 

temperature and cumulative supercooling point models.  

  

Lower Lethal 

Temperature 

 

Supercooling 

Point 

 

Difference*  

P-value 

  

Intercept Slope 

 

Intercept Slope 

 

Intercept Slope 

Year Species (SE) (SE)   (SE) (SE)       

2014 Ponderosa 11.564 0.360 
 15.731 0.517 

 

0.3030 0.2170 

  

(4.00) (0.13) 
 (0.62) (0.02) 

   

 

Lodgepole 7.483 0.245 

 

19.352 0.579 

 

0.0002 0.0008 

  

(3.01) (0.10) 

 

(0.87) (0.03) 

   

 

Jack 20.027 0.643 

 

15.440 0.490 

 

0.5340 0.5161 

  

(7.35) (0.23) 

 

(0.67) (0.02) 

   

 

Red 13.854 0.416 

 

9.641 0.334 

 

0.4009 0.5932 

  

(5.00) (0.15) 

 

(0.40) (0.01) 

   

 

Eastern white 9.030 0.286 
 17.063 0.515 

 

0.0108 0.0204 

  

(3.05) (0.10) 
 (0.79) (0.02) 

   

 

Scots 10.622 0.362 
 12.997 0.461 

 

0.5294 0.4330 

  

(3.75) (0.13) 
 (0.48) (0.02) 

   
2015 Ponderosa 7.503 0.265 

 12.127 0.401 

 

0.1143 0.1695 

  

(2.86) (0.10) 
 (0.65) (0.02) 

   

 

Lodgepole 12.414 0.425 
 25.326 0.795 

 

0.0011 0.0037 

  

(3.62) (0.12) 
 (1.56) (0.05) 

   

 

Jack 5.024 0.194 
 16.952 0.552 

 

<0.0001 <0.0001 

  

(2.45) (0.08) 
 (0.85) (0.03) 

   

 

Red 12.693 0.405 
 16.295 0.526 

 

0.3184 0.2879 

  

(3.52) (0.11) 
 (0.79) (0.03) 

   

 

Eastern white 7.024 0.254 
 17.207 0.545 

 

<0.0001 0.0006 

  

(2.43) (0.08) 
 (0.89) (0.03) 

   

 

Scots 4.992 0.182 
 12.836 0.433 

 

0.0003 0.0006 

    (2.07) (0.07)   (0.73) (0.02)       

*P-value for Wald’s Z-test comparing model estimates of y-intercept (0°C) and slope 

(rate) for lower lethal temperature and cumulative supercooling point curves.  
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Table 3.4. Predicted mortality of late instar mountain pine beetles overwintering in the Black Hills, SD in December 2013 in six pine 

species. Predicted mortality is based on the minimum observed temperature (averaged for the north and south sides of each log) and 

laboratory measures of the supercooling point (SCP) and lower lethal temperature (LLT).  

          SCP model     LLT model 

Species n 

Observed 

Temp °C 
Observed 

Survival 

Lower 

95% CI Predicted 

Upper 

95% CI   

Lower 

95% CI Predicted 

Upper 

95% CI 

Ponderosa 489 -20.3 91.2% 99.2% 99.5% 99.7% 

 

77.9% 98.6% 99.9% 

Lodgepole 356 -21.7 92.7% 99.7% 99.8% 99.9% 

 

54.0% 88.4% 98.0% 

Jack 316 -21.1 97.2% 98.7% 99.2% 99.5% 

 

83.8% 99.8% 100.0% 

Red 213 -21.2 80.8% 91.1% 92.8% 94.2% 

 

80.8% 99.4% 100.0% 

Eastern white 569 -21.8 95.3% 99.5% 99.7% 99.8% 

 

68.5% 94.3% 99.2% 

Scots 194 -21.4 90.2% 94.8% 95.9% 96.7% 

 

65.4% 94.7% 99.4% 

All samples 2137 -21.4 92.3% 98.1% 98.2% 98.3%   91.7% 96.8% 98.8% 
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3.8 Figures 
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Fig. 3.1. Minimum and maximum air temperature and average minimum under-bark 

temperatures associated with logs containing mountain pine beetle larvae before cold 

tolerance tests, August 2013 – January 2014 and August 2014 – January 2015, Black 

Hills, SD..  
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Fig. 3.2. Proportion of early (dark bars) and late (light bars) instars in overwintering pine 

logs infested in August 2014, that appeared to survive through January 2015 after 

experiencing a cold snap in early November 2014. Discolored larvae were classified as 

dead and cream colored larvae were classified as alive. Numbers on bars indicate the total 

number of early or late instar larvae for that pine. Late instars were more likely to survive 

that early instars (χ
2
=145.6, P<0.001). Stars indicate a significant difference between 

survival of small and large larvae (ns: not significant, *: P<0.05, **: P<0.01, ***: 

P<0.001 
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Fig. 3.3. Mean (-SE) supercooling points of fourth instar (n=310), pupae (n=9), adult 

male (n=8) and adult females (n=13) mountain pine beetle in 2014. Insects were 

extracted from all six pine species. Bars with the same letter are not significantly 

different from each other.  
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Fig. 3.4. Effect of year and host on supercooling points (SCP) and lower lethal 

temperatures (LLT) of late instar mountain pine beetles. Filled circles and dashed lines 
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describe the observed and modelled proportions of individuals that had not given an 

exotherm when cooled to the specified temperature. Open circles and solid lines describe 

observed and modelled mortality of individuals cooled to the specified temperature 

respectively. Models for SCP and LLT were based on logistic regression. In each panel, 

tests compare slopes and intercepts of the two models: ns, not significant; *, P<0.05; **, 

P<0.01; ***: P<0.001.  
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Fig. 3.5. Proportion of late instar mountain pine beetles within each pine species that 

survived freezing in lower lethal temperature experiments. Survival was determined by 

evidence of feeding or molting. Numbers on bars are the total number of larvae tested. 

The proportion of larvae that survived freezing was not affected by host (χ
2
= 8.79, df=5, 

P= 0.12). 
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3.9 Supplemental Material: Deacclimation 

To test deaclimation with our beetle population, we further tested whether beetles 

individuals de-acclimate in 48 hours at room temperature (24°C), the time needed before 

most beetles individuals became fully active. Fifty eight beetles larvae? were removed 

from a log of ponderosa pine. Forty beetles were placed in Eppendorf tubes at room 

temperature with moist KimWipes for 48 hours while supercooling points were 

determined for 18 beetles immediately upon removal from subzero temperatures. 

Eighteen beetles which had shown movement after 48 hours were then cooled to 

approximately the average supercooling point of the first group to determine if de-

acclimation had occurred. 

We found that the supercooling point warmed by 15.3°C, from -31.7 (±0.75 SE) 

to -16.04 (±1.17 SE) when beetles were allowed to stay at room temperature for 48 hours 

(F1,34=17.4; P<0.0001). Thus we did not warm beetles to demonstrate fitness prior to cold 

treatment as this would affect results. Since 10.4% of control beetles never moved after 

being warmed to room temperature, we chose to control for prior mortality by removing 

beetles that showed no signs of movement post-treatment from lower lethal temperature 

analysis (15.5% of beetles tested). 
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4 Chapter 4. Reproduction and development of mountain pine beetle on six 

historic and novel hosts: Implications for range expansion of a native invasive in 

eastern North America 

  

4.1 Summary 

1. Distributions of herbivores are shifting globally due to human transport and climate 

change. Some subcortical insects have enacted devastating effects on native tree 

communities in their new ranges, despite exhibiting benign interactions with their 

historic hosts. Examples of how insects aggressive in their native habitat might 

respond in novel host environs are less common. One aggressive tree-killing insect 

that is currently undergoing a dramatic range shift is the mountain pine beetle, 

Dendroctonus ponderosae. Ongoing eastward range expansion by the mountain pine 

beetle through the previously climatically-unsuitable Canadian boreal forest may 

have large-scale impacts on northeastern North American pine forests.  

2. No systematic studies have been conducted on potential reproduction of mountain 

pine beetle on pines common to northeastern North America. Here, we report 

reproduction of mountain pine beetle in logs of novel pine species (jack, Pinus 

banksiana Lamb; red, P. resinosa Ait.; eastern white, P. strobus L.; and Scots P. 

sylvestris L.) compared to the two most common hosts in its historic range 

(ponderosa, P. ponderosa Dougl. ex. Laws. var. scopulorum Engelm. and lodgepole 

P. contorta Dougl. var. latifolia Engelm.) in a two year study.  

3. Mountain pine beetle exhibits up to twice the reproductive capacity in novel pines 

compared to historic hosts.  
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4. More rapid and variable development time among brood in novel pines results in two 

notable outcomes, however. First, brood in novel pines reached advanced life-stages 

more susceptible to cold mortality prior to winter. Second, progeny exhibited less 

synchronized emergence in novel vs. historic hosts. 

5. Policy implications: Our results suggest that pines common to northeastern North 

America are suitable hosts for mountain pine beetle. State, provincial, and federal 

agencies should continue to enact policies and practices that will limit the continued 

eastward expansion toward pine forests of eastern North America. 

4.2 Introduction 

Range expansions and invasions of insect herbivores have been facilitated by 

human movement of infested materials (Brockerhoff et al. 2006a) and by increasingly 

suitable climates (Carroll et al. 2004, Sambaraju et al. 2012). Climate may facilitate or 

hinder invasion success (Raffa et al. 2015), although success is first and foremost 

dependent upon the ability of the herbivore to utilize novel hosts (Bertheau et al. 2010, 

Branco et al. 2015). Highly suitable hosts can result in major shifts in the population 

dynamics of an invader, often to the detriment of natural communities.  

Some of the most common and destructive invaders of forests are subcortical bark 

and wood boring beetles (Aukema et al. 2010b, 2011). While few introductions of non-

native insects result in establishments, select successful establishments have resulted in 

billions of dollars in damages (Aukema et al. 2011). These destructive invaders are often 

insects with narrow host ranges that attack species phylogenetically similar to their 

historic hosts (Bertheau et al. 2010, Pearse and Altermatt 2013). Damages can be 

especially unexpected when the invader is a minor pest in its historic range (eg. Agrilus 
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planipennis, Dendroctonus valens, Ips grandicollis, and Xyleborus glabratus). Despite 

these prominent examples of insects with benign-becoming-aggressive life histories, 

there are few examples of historically aggressive subcortical insects that have been 

introduced to novel ranges. Thus, it is unclear how aggressive subcortical forest insects 

may respond to novel hosts, particularly when exogenous factors such as climate play 

crucial roles in mediating key life history events such as host procurement (Powell et al. 

2000). 

The mountain pine beetle is an aggressive bark beetle that can colonize and kill 

large diameter and vigorous pines during outbreaks. Outbreaks have affected tens of 

millions of hectares in the beetle’s native range of western North America over the past 

two decades (Aukema et al. 2006, Meddens et al. 2012), modifying forest resilience 

(Karst et al. 2015), carbon cycles (Kurz et al. 2008, Hicke et al. 2012, Moore et al. 2013) 

and even weather (Maness et al. 2012). While mountain pine beetle’s northern 

distribution in British Columbia has historically been restricted by cold temperatures 

(Safranyik et al. 1975), in the past decade the beetle’s range has expanded north due to an 

increasingly suitable climate (Carroll et al. 2004). In 2006, the mountain pine beetle 

breached the geoclimatic barrier of the Northern Rocky Mountains in Alberta (de la 

Giroday et al. 2012) and spread into the lodgepole-jack pine hybrid zone of the Canadian 

boreal forest. It has now expanded east into pure jack pine (Cullingham et al. 2011), a 

novel host for the insect, and has spread one third of the way through the jack pine 

towards the evolutionary novel red and eastern white pine forests of the western Great 

Lakes region. 
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As a bark beetle, reproduction occurs in the subcortical tissues of the tree. 

Mountain pine beetle is typically univoltine, and a synchronized peak emergence period 

of two to three week in late summer provides the population densities needed to procure 

hosts (Logan and Bentz 1999). Mountain pine beetles colonize hosts via pheromone-

mediated mass attacks when at outbreak levels. These attacks, in concert with vectored 

microorganisms, can collectively overwhelm host defenses. Female mountain pine 

beetles bore under the bark, attract males, construct vertical egg galleries in the phloem, 

and lay eggs. Larvae hatch and mine the phloem tissues in larval galleries emanating 

from the egg gallery. Variations in lower developmental thresholds at different life stages 

synchronize developing brood. Later instars exhibit higher temperature developmental 

thresholds than earlier instars (Bentz et al. 1991, Régnière et al. 2012), such that late 

instars arrest development in the fall with onset of cooler temperatures, while early 

instars continue development (Powell and Logan 2005). In the spring, synchronized 

populations resume development through pupal and teneral adult life stages, which are 

less cold tolerant (Chapt. 3). Adults then emerge collectively in late July to seek new 

hosts. 

Although mountain pine beetle’s primary hosts are lodgepole and ponderosa pines 

in western North America, the insect is classified as a feeding generalist on pines (Wood 

1982b). For this reason, potential range expansion mediated by “naïve” or “novel” host 

pools has been identified as a critical emerging threat. A number of studies have 

investigated reproduction of mountain pine beetle on novel hosts. Reproduction is 

enhanced in northern populations of naïve lodgepole pine in British Columbia for 

example (Cudmore et al. 2010). The beetle has also expanded into higher elevations and 
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semi-naïve whitebark pine populations in the Rocky Mountains of the U.S.A. (Logan and 

Powell 2001, Raffa et al. 2013), and is now in novel jack pine in eastern Alberta, Canada. 

Beetles seem to be less willing to accept jack pine than lodgepole pine when artificially 

introduced, however, and egg galleries tend to be shorter, resulting in fewer offspring per 

female (Cerezke 1995, Erbilgin et al. 2014, Lusebrink et al. 2016). The suitability of 

other common northeastern pine species is unclear, although these pines are likely 

susceptible to attack. In an arboretum at the University of Idaho in the 1960s, dozens of 

mature jack, red, eastern white and Scots pines were killed over several years (Furniss 

and Schenk 1969). In lieu of a sustained outbreak far from any historic hosts, these pines 

appeared to be putatively suitable for reproduction, although comparative brood 

performance has never been reported.  

The objective of this study was to determine the suitability of novel pines 

common in northeastern North American forests for mountain pine beetle development 

and reproduction. We hypothesized that mountain pine beetle would be able to reproduce 

in these pines, although we expected that reproduction and development would vary, as 

has been observed among other hosts (Amman 1982, Safranyik and Linton 1983, Langor 

1989, Cerezke 1995).  

4.3 Methods  

We compared reproduction and development parameters of mountain pine beetle 

using standardized colonization densities in cut logs in a common garden environment 

(e.g., Safranyik & Linton 1983; Langor 1989; Bentz et al. 2011; Cale et al. 2015; West et 

al. 2015; Esch, Langor & Spence 2016). In total, eight trees of each of the following 

species were utilized; jack (Pinus banksiana Lamb), red (P. resinosa Ait.), eastern white 
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(P. strobus L.), Scots (P. sylvestris L.), lodgepole (P. contorta Dougl. var. latifolia 

Engelm.), and ponderosa (P. ponderosa Dougl. ex. Laws. var. scopulorum Engelm.) pine. 

All trees were approximately 24 cm DBH and free of visible signs of insect or disease. 

Logs of common northeastern pines, jack, red, eastern white, and Scots pines were 

obtained from the Cloquet Forest Research Center, MN (46.701735, -92.521798) in 2013 

and 2014. Lodgepole pines were harvested west of Big Horn, WY in 2013 (44.60337, -

107.21505 and 44.62710, -107.16303) and west of Buffalo, WY in 2014 (44.31865, -

106.94633 and 44.22341, -106.93212). Ponderosa pine was harvested near Nemo, SD in 

2013 (44.12955, -103.48513) and near Silver City, SD in 2014 (44.12587, -103.56700). 

In 2013, two trees of each species were cut on 29-30 July and two more were cut the 

following week, 5-6 August. In 2014, two trees of each species were harvested on 4-5 

August and 11-12 August. Boles were cut into one meter sections and the ends were 

waxed to reduce desiccation. Logs were immediately placed in terrapin body bags to 

exclude other insects (BP medical supplies, Brooklyn, NY, USA) after waxing before 

transport to a central location in the Black Hills within 24 hours of harvest.  

Mountain pine beetles to seed the logs were caught in 12-funnel Lindgren funnel 

traps in ponderosa pine forest near Silver City, SD using commercial pheromone lures 

(Contech Enterprises Inc, Delta, BC). Clear cellophane shred (Spring-Fill Industries, 

Northbrook, IL) was placed as refugia in each cup for the beetles. Beetles were collected 

daily and sexed using a repetitive audible method (Rosenberger et al. 2016). Beetles were 

stored in separate petri dishes on moist tissue paper at approximately 5°C until use. All 

insects were used within five days of collection. 
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4.3.1 Infesting logs 

Six logs, 40cm long, were cut from each of two trees of each of the six species, 

yielding 72 logs. Phloem thickness was measured at 2-3 locations on the ends of each log 

using calipers prior to sealing the ends with hot paraffin wax. Females were introduced to 

logs within 24-48 hours of trees being harvested. First, 0.63cm diameter holes were 

drilled through the outer bark to the phloem interface equidistantly around the base of the 

logs. Then, single female beetles were secured over the holes using inverted 

microcentrifuge tubes. Six females were used per log in 2013 and seven in 2014. We 

examined the tubes for boring dust after 12 hours; females that did not bore were 

replaced. Males were introduced to tunneling females in three of the holes after 

approximately 12 hours, leaving 3-4 females putatively unmated, and secured as before. 

Rejected males (i.e., those not under the bark with a female) were replaced after six 

hours. Locations of paired and unpaired beetles were marked on the logs. We designated 

the date of generation commencement as the date that males were introduced. In short, all 

logs were colonized within 3 days of harvest. 

Logs were sealed in charcoal-colored aluminum screening (New York Wire, 

Hanover, PA) and moved to 12 locations in the central Black Hills for six days for 

conspecific attraction experiments (Chapt. 2) before being stored outside on the north 

side of a building at the USDA-FS Mystic Ranger District Headquarters to overwinter. A 

temperature logger (HOBO, Onset Computer Corp., Bourne, MA) was suspended 30 cm 

from the ground among the logs to record air temperatures. In 2013, due to technical 

difficulties, temperature data was not recorded until 22 October, so late summer 

temperatures were obtained from a weather station within 5km of the overwintering site. 
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The entire procedure was repeated twice in 2013 and twice in 2014 for a total of 288 

infested logs, 32 of each of six pine species. 

4.3.2 Midwinter development and reproductive parameters 

To obtain measurements of development rate and reproductive potential as 

development ceased going into winter, we randomly debarked two logs from each tree 

(eight from each species) in January of each year. An additional log of ponderosa pine 

was also debarked both years and one of eastern white pine in 2013. Brood and life stage 

were tallied for each log. The headcapsule widths of larvae and pronotal widths of brood 

adults were measured with a digital micrometer. To classify larvae according to instar 

class, a mixed distribution analysis was used to estimate mean size and variance for each 

of the four peaks suggesting four larval instars (mixtools in R). From this information, a 

developmental index was devised by multiplying the number in each stage by a 

corresponding classification number (Larval instar 1=1, L2=2, L3= 3, L4=4, pupae=5, 

brood adult= 6) and dividing the result by the total number of brood in that log (Langor 

1989). In this way, a mean development rating was calculated for each log. Brood adults 

were sexed using the morphology of the seventh abdominal tergite (Lyon 1958). 

Once logs were debarked, egg galleries were traced onto clear plastic sheets and 

measured using a mapwheel (Scalex Corp., Carlsbad, CA). Galleries were identified as 

either paired (i.e., male joined female) or unpaired introductions or as re-entries (i.e. 

galleries were constructed at points other than original introduction points). Galleries 

were classified as fertile if larval galleries extended from the vertical egg gallery. In 

2015, larval galleries were counted for each fertile egg gallery to obtain a measure of egg 

viability.  
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4.3.3 Emergence 

 To determine reproduction and emergence rate, the remaining logs not debarked 

in winter (94 in 2014 and 95 in 2015) were removed from their screening and placed in 

rearing containers in an unheated building in mid-April. Beetles were allowed to emerge 

naturally and collected every two to three days commencing on 3 June in 2014 and 27 

May in 2015. We terminated each experiment in mid to late August each year after 

allowing more than 365 days for development. Logs were debarked and all remaining 

live and dead adults were counted and measured. Egg galleries were then traced and 

measured.  

4.3.4 Statistical Analysis 

We used the sine-wave method (Allen 1976) and minimum and maximum 

temperatures obtained from the data loggers and the weather station to calculate 

developmental degree days experienced by brood each year (base 5.6°C; Safranyik, 

Shrimpton & Whitney 1975). We used analysis of variance in a mixed effects framework 

(nlme package in R) to analyze the effects of tree species on variables of interest. These 

responses included development index, day to 50% emergence, gallery length, fertile egg 

per cm of gallery, brood density, pre-winter brood per female, potential brood adult per 

female, emerged brood adult per female, and size of larvae and adults. All data except for 

size data were analyzed at the log level, so a term for tree within species was included as 

a random effect. Because size data were at the beetle level, we included terms for log and 

log nested within tree as random effects. For the development index, we included a term 

for week of experiment replication as a random effect. Simple linear regression was used 

to analyze the effect of number of pre-winter adults vs. post winter adult mortality in the 
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logs. Residual plots of all models were visually inspected to ensure model assumptions of 

homoscedasticity and normality of errors were met. Square root transformations potential 

and emerged brood per female were needed. Because experiments were replicated across 

two years, we tested and combined years where there were no annual differences. Sex 

ratio data were analyzed using logistic regression in a mixed effects framework (MASS 

package in R). Terms for tree and log were included as random effects.  

4.4 Results 

4.4.1 Development Index 

Brood developed more quickly in novel vs. historic hosts in both years (Table 

4.1). Brood developed most rapidly in red pine, reaching pupal and adult stages prior to 

winter in the fall of 2013 (Table 4.1), concomitant with warm temperatures. The fall of 

2013 was warmer than 2014 (815DD vs 1006DD accumulated by 1 January of the 

following year; Fig 4.1). In total, across all pines, 40% of brood reached the adult stage 

prior to winter in 2013 while less than 1% reached adulthood before winter in 2014. 

Beetles developed slowest in lodgepole and ponderosa pines, the insect’s historic hosts 

(Table 4.1).  

Emergence 

Insects successfully completed development in all species of novel and historic 

pines in both 2013-2014 and 2014-2015. Emergence of progeny commenced sooner in 

2014 than 2015, particularly among novel pines (Fig. 4.2). While only 2-3% of 

emergence occurred among historic hosts before 1 July in both years, up to 45% of total 

emergence in 2014 and between 7-14% of total emergence in 2015 occurred prior to July 

among novel hosts. Beetles in red pine emerged particularly early, with 16% of 
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emergence occurring by 3 June, the first day cages were checked in 2014. Emergence 

from novel hosts occurred steadily throughout the summer. In 2015, an extended 

emergence commenced in novel pines in mid-July (Fig. 4.2C), coincident with variable 

rates of development among hosts (Fig. 4.2D).  

Clear peaks in emergence occurred in early August among historic pines both 

years. In fact, the number of days to 50% brood emergence (E50) was within three days 

of a one year generation time for both lodgepole and ponderosa pines (Fig. 4.3). 

Generation times were shorter in novel hosts. In red and Scots pines, E50 occurred 

approximately three weeks earlier than the one year mark (Fig. 4.3). 

4.4.2 Fertile gallery length 

Life histories were reconstructed when the bark was peeled from the logs after 

emergence. Of 2,280 galleries we measured, 42% exhibited larval galleries. These fertile 

galleries were 25% longer in historic hosts (37.2 ±0.79SE) than novel hosts (27.8 

±0.54SE) (F1,46= 32.7, P<0.0001). Females in ponderosa pine produced galleries 40% 

longer than those in jack pine (Table 4.2). Female beetles frequently abandoned galleries 

in jack pine, with 46% of females abandoning and reentering jack pine compared to an 

average of 26% for all other pines.  

Fertility and brood density 

The number of initiated L1 galleries per egg gallery (i.e., proxy for viable eggs, 

hereafter termed “fertility”) was standardized by the length of the gallery. Brood 

successfully developing up to winter in each log was standardized by cm of fertile 

ovipositional gallery per log. We observed the greatest fertility in eastern white pine 

overall where 1.73 eggs eclosed per cm of gallery, 33% higher than in lodgepole or red 
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pine (Table 4.2). Eastern white pine also exhibited 26-95% more mid-winter brood per 

cm than all other pine species. Relatively high L1 mortality (20-40%) was observed in 

early larval stages in all but red pine. By comparison, 92% of viable eggs resulted in 

overwintering brood in red pine (Table 4.2). 

4.4.3 Mid-winter brood potential 

We measured the number of brood found in January, and standardized by the 

number of fertile ovipositional galleries resulting from our introductions. This metric 

yielded brood potential per fertile female. We found an average of 30 brood per female 

across all pines. Brood potential varied by species, with females in eastern white and 

ponderosa pine producing 15-43% more brood than the other four pines, particularly 

lodgepole and Scots pine (Table 4.2).  

4.4.4 Realized brood potential 

Realized reproduction comprised all brood adults that emerged or were found 

alive in logs by late August (i.e., >365 days post introduction), standardized by fertile 

female. Expected reproduction was estimated by adding the number of fully-developed-

but-dead adults to the number of alive beetles (i.e., realized reproduction). In both years, 

expected potential reproduction (alive and dead adults) was similar among species 

(2014:F5,18= 1.6, P=0.21; 2015: F5,18= 1.28, P=0.32) and classifications of co-

evolutionary history (historic vs novel) (2014: F1,22= 1.17, P=0.29; 2015: F1,22= 0.52, 

P=0.48) (Fig. 4.4).  

Realized reproduction, however, which comprised only live adults, was much less 

than expected reproduction, particularly among novel pines, where over half of all brood 
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that reached adulthood died prior to emerging both years. Only half as many brood per 

female emerged from novel pines vs. historic hosts across both years (F1,46= 9.85, 

P=0.003), although statistical differences were more clear in 2014 (F1,22= 6.5, P=0.02) 

than 2015 (F1,22= 3.43, P=0.078). Similarly, we observed a significant effect of species 

on realized reproduction in the first year of our experiments (F5,18= 3.5, P=0.02), with 

three of the four novel hosts producing one third as many adults as ponderosa pine. No 

significant difference was observed at the species level in 2015 (F5,18= 1.45, P=0.25) 

(Fig. 4.4C).  

A high number of adults entered the winter, particularly among novel pines in 

January 2014, and a high number of dead adults were found in the novel host logs once 

they were debarked that summer. Rapid pre-winter development, particularly among 

novel hosts to the adult life stage, which is less cold hardy (Chapt. 3), likely resulted in 

high mortality (F1,46= 29.42, P<0.0001) (Fig. 4.5). 

4.4.5 Brood Metrics 

We observed more females than males in both years (mean ratios across all pines 

59F:41M and 56F:44M respectively). These ratios were similar across all species of pines 

(χ
2
= 5.03, df=5, P=0.41) (Table 2). Sex-specific larval winter mortality likely did not 

contribute significantly to the female-biased sex ratio as we also found no difference in 

sex ratio between beetles that reached adulthood prior to winter in 2013 (60F:40M), 

compared to those from the same generation that emerged in the summer (57F:43M)(χ
2
= 

1.11, df=1, P=0.29).  

Larvae in novel hosts were larger than in historic hosts after controlling for larval 

stage (F1,46= 7.73, P=0.008). The largest insects occurred in red pine, with differences 
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emerging by the second instar (Table 4.3) and persisting to adulthood. Adult sizes were 

similar across all pines the second year (Table 4.3).  

4.5 Discussion 

This study demonstrates that constitutive defenses pose no barrier to successful 

reproduction of mountain pine beetle in the four most common pines of northeastern 

North America. We show that mountain pine beetles developing in some novel pines 

have faster development rates (Table 4.1), higher reproductive potential (e.g., up to 

nearly twice the brood density, Table 4.2) and higher brood fitness (e.g., larger size, 

Table 4.3) than historic hosts. While our study contributes to assessments of relative 

differences in reproductive potential across hosts (Amman 1982; Langor, Spence & Pohl 

1990; Cerezke 1995; Esch, Langor & Spence 2016), it remains unclear how induced 

phytochemical defenses may affect mountain pine beetle reproduction in eastern hosts as 

common garden studies with live trees are not possible in this system (Cale et al. 2015). 

Residual high concentrations of induced phytochemicals in the phloem may be 

detrimental to larvae during development, for example (Clark et al. 2012), although 

slower development may beneficially reduce maladaptive seasonality. Recent work has 

suggested that induced defenses in some pines may be quite localized (Keefover-Ring et 

al. 2016), potentially reducing larval exposure beyond female galleries. 

Subcortical herbivores with narrow host ranges, like the mountain pine beetle, can 

be highly successful in novel hosts that are phylogenetically similar to historic hosts 

(Lieutier 2008, Bertheau et al. 2010). These invasive subcortical insects have been 

historically non-aggressive to date, likely due to invasion pathways (e.g., firewood, 

packing material) that foster movement of insects that are resistant to desiccation 
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(Brockerhoff et al. 2006a). Recently, aggressive bark beetles have expanded ranges into 

jack pine in Alberta (Cullingham et al. 2011) and into high elevation semi-naïve pines in 

the Rocky Mountains (Logan et al. 2010). Another aggressive Dendroctonus spp., the 

southern pine beetle (D. frontalis), has recently moved into New England (Hassett et al. 

2015). Other work has demonstrated that beetles can colonize and attract mates to novel 

host material (Furniss & Schenk 1969, Chapt. 2), which is crucial for an aggressive life-

history strategy in this insect.  

Our study suggests that exogenous factors such as winter mortality would be 

critical to invasion success, and would vary depending on host-mediated development 

rates. Overwintering mortality of up to 88% is not uncommon in historic hosts such as 

lodgepole pine (Cole 1975). We observed 68% and 80% mortality the first and second 

year respectively in lodgepole pine, and 83-94% mortality in novel hosts (Table 4.1; Fig. 

4.5). However, rapid development to cold-susceptible life stages prior to winter does not 

fully account for the surprisingly high overwintering mortality observed in 2014-2015 

(86-91% in novel hosts), as most instars were in larval overwintering stages. Although 

adult mortality in a historic host such as lodgepole pine was similar between our logs vs. 

live trees (18% vs 11% respectively; Cole 1975), only 25% of larval mortality could be 

attributed to a cold snap in early November (cold tol paper), with the 50% adult brood 

mortality prior to emergence unexplained (Fig. 4.4). Late stage mortality of mountain 

pine beetle has been observed previously in novel hosts (McKee et al. 2013), potentially 

caused by availability of fungi for nutrition (Bentz and Six 2006), parasites, or 

desiccation (Cole 1975, McKee et al. 2013). Developing brood from wood-boring 
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Cerambycids that were able to oviposit through the screening, especially on smooth-

barked eastern white pine, may have increased desiccation in some logs, for example. 

4.5.1 Three possible outcomes of desynchronized development 

Development rate in the mountain pine beetle is an evolved adaptation (Bentz et 

al. 2014) under significant selective pressure due to the requirement for a univoltine 

lifecycle that facilitates host procurement (Logan and Powell 2001, Hicke et al. 2006). 

Subtle differences in climate in novel ranges vs. the native range from which the insect is 

adapted, compounded with host-mediated development rates, may result in several 

disparate scenarios. First, if the climate in the invaded range is warmer than required to 

regulate univoltinism, fractional voltinism may occur (Reid 1962). Brood in novel hosts 

could enter winter as adults, or brood emerging as adults in the fall could attack new 

trees, resulting in two peak emergence events in a single year. Such situations can be 

maladaptive if brood are unable to synchronize life stages (Powell et al. 2000, Bentz et al. 

2010). Fractional voltinism has recently been observed in limber pine in Colorado 

(Mitton and Ferrenberg 2012, Bentz and Powell 2014), possibly due to more rapid 

development in limber pine compared to other common hosts (Langor 1989). 

If the climate in the invaded range is similar to climate experienced in the 

mountain pine beetle’s historic range, development could be similar to what we observed 

in this study. That is, an extended peak emergence period may occur across novel hosts, 

even if populations are synchronized among hosts the previous fall, like we observed in 

the second year of this study (Table 4.1). If populations are sufficiently large for mass 

attacks to occur during this extended emergence period, the earlier peak emergence in 

July (Fig. 4.2C) and more rapid development of the resulting brood in mid to late summer 
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may result in brood overwintering at advanced life-stages that are less cold hardy (Table 

4.1). Of the novel hosts, jack and eastern white pines are most similar in development 

rates to historic hosts, so these pines may be most adapted to climates similar to those of 

historic hosts. 

Finally, our results suggest that the most beneficial climate for mountain pine 

beetle developing in these novel hosts would be one colder than its climate in the western 

range. A cooler climate would allow for slower development to occur. With fewer 

developmental degree days per year, however, beetles would be more likely to 

synchronize development in the cold tolerant late instars (Powell and Logan 2005). 

Indeed, rapid development may currently be benefiting beetles in the newly invaded jack 

pine of the Canadian boreal forest. 

4.5.2 Conclusion 

Here we show that a historically aggressive bark beetle, the mountain pine beetle, 

can develop in and produce similar or greater numbers of offspring among novel hosts as 

it can in historic hosts. This is likely due to phylogenetic relationships between these 

hosts (Bertheau et al. 2010) and the behavioral plasticity of this beetle that has allowed it 

to colonize most pines in its historic range (Wood 1982b). We further show increased 

brood fitness (e.g., larger size and more rapid development) among some novel hosts 

compared to historic hosts. However, increased fitness may come at a cost for mountain 

pine beetles introduced to regions with climates similar to those in its historic range, and 

result in desynchronized emergence. Such patterns could reduce the ability of the insect 

to display those collective behaviors that make this insect one of the most aggressive 

forest insects in North America. Conversely, more rapid development in novel hosts 
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could release insects from maladaptive semivoltine constraints in regions that were 

historically thought to be too cold (Bentz et al. 2010), and/or increase the likelihood of 

southern, warmer regions to support bivoltinism. Future research should more fully 

investigate the climate parameters needed for either univoltine or bivoltine development 

in novel hosts, and determine regions most at risk for range expansion.  

 Our findings have implications for state, provincial and federal regulators. Our 

work provides no evidence that mountain pine beetle should not continue to be viewed as 

a critical, emerging threat to northeastern North American pine forests as the insect 

continues to expand its range east through the Canadian boreal forest. In Minnesota, state 

officials have implemented external quarantines on pine logs with bark attached 

transported from western states with active mountain pine beetle outbreaks. Such 

policies, as well as continued management in the Canadian transition zone (de la Giroday 

et al. 2012) are highly warranted to mitigate this threat (Lovett et al. 2016). 
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4.7 Tables 

Table 4.1. Mean (SE) mid-winter development index among pine species in 2013 and 

2014 (1=first instar, 2=second instar, 3=third instar, 4=fourth instar, 5=pupae, 6=brood 

adult). Means followed by the same letter are not significantly different. n=8 logs per 

species each year. 

 Winter 2013-2014  Winter 2014-2015 

Species Mean (SE)  Mean (SE) 

Ponderosa 4.74 (0.20) b  3.76 (0.07) 

Lodgepole 4.65 (0.21) b  3.64 (0.11) 

Jack 4.94 (0.26) ab  3.79 (0.09) 

Red 5.36 (0.20) a  3.89 (0.13) 

Eastern white 4.87 (0.15) ab  3.86 (0.05) 

Scots 4.85 (0.19) ab  3.85 (0.07) 

F5,17 3.57  1.32 

P 0.0218  0.301 

Historic 4.7 (0.14) a  3.70 (0.06) a 

Novel 5.0 (0.10) b  3.85 (0.05) b 

F1,21 7.99  4.37 

P 0.0101  0.0489 
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Table 4.2. Performance traits of mountain pine beetles colonizing logs of six pine species 2013-2014 and 2014-2015. Means followed 

by the same letter within a column are not significantly different. n=8 logs per species each year for mid-winter data.  

Species 

Mean (SE) 

gallery length 

(cm)   

Mean (SE) egg 

viability/cm of 

gallery *   

Mean (SE) 

brood density 

/cm of gallery   

Mean (SE) 

pre-winter 

brood/female   

Proportion 

female 

Ponderosa 39.6 (1.0)a 
 

1.32 (0.11)ab 
 

0.87 (0.08)b 
 

37.6 (3.5)a 

 

0.601 

Lodgepole 34.2 (1.2)ab 
 

1.17 (0.10)b 
 

0.72 (0.06)b 
 

22.9 (3.3)b 

 

0.553 

Jack 24.6 (1.0)d 
 

1.39 (0.12)ab 
 

0.99 (0.11)b 
 

27.8 (4.2)ab 

 

0.549 

Red 31.4 (1.1)bc 
 

1.12 (0.09)b 
 

1.03 (0.08)b 
 

32.3 (2.7)ab 

 

0.590 

Eastern white 25.5 (0.9)cd 
 

1.73 (0.14)a 
 

1.40 (0.11)a 
 

38.7 (4.1)a 

 

0.576 

Scots 30.7 (1.2)bcd   1.32 (0.14)ab   0.77 (0.10)b   21.8 (2.6)b   0.593 

F 13.8 
 

2.64 
 

7.33 
 

4.31 n 4377 

df 5,42 
 

5,18 
 

5,42 
 

5,42 χ2 5.02 

P <0.001   0.059   <0.001   0.003 P 0.41 

*Data from 2015 
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Table 4.3. Effect of pine species on mean (SE) larval headcapsule size and adult pronotal width 2013-2014 and 2014-2015. Means 

followed by the same letter within a column are not significantly different. n=8 logs per species each year. 

  Mean (SE) Larval headcapsule width (mm)   Mean (SE) Adult pronotal width (mm) 

Species Instar 1 Instar 2 Instar 3 Instar 4 (2014) 

Instar 4  

(2015)   females 2014 males 2014 female 2015 male 2015 

Ponderosa 0.53 (0.007) 0.69 (0.004)b 0.96 (0.004)ab 1.31 (0.003)a 1.35 (0.002)ab 
 2.43 (0.01)ab 2.21 (0.01)ab 2.47 (0.01) 2.25 (0.01) 

Lodgepole 0.53 (0.008) 0.69 (0.004)b 0.95 (0.004)b 1.28 (0.005)b 1.30 (0.004)c 
 2.36 (0.01)b 2.15 (0.01)b 2.46 (0.01) 2.22 (0.01) 

Jack 0.52 (0.008) 0.71 (0.006)b 0.98 (0.005)a 1.32 (0.004)a 1.35 (0.003)ab 
 2.40 (0.01)ab 2.21 (0.01)ab 2.40 (0.02) 2.11 (0.02) 

Red 0.59 (0.015) 0.76 (0.009)a 0.99 (0.005)a 1.33 (0.005)a 1.39 (0.002)a 
 2.51 (0.01)a 2.27 (0.01)a 2.41 (0.01) 2.18 (0.02) 

Eastern white 0.48 (0.009) 0.67 (0.010)b 0.97 (0.004)ab 1.31 (0.003)a 1.35 (0.002)ab 
 2.34 (0.01)b 2.15 (0.01)b 2.42 (0.01) 2.18 (0.01) 

Scots 0.53 (0.007) 0.72 (0.007)ab 0.96 (0.004)ab 1.31 (0.005)a 1.32 (0.004)bc   2.46 (0.01)ab 2.23 (0.01)ab 2.35 (0.02) 2.08 (0.02) 

F 1.99 6.25 2.62 4.48 8.57 
 4.43 4.62 0.075 1.8 

df (5,10) (5,32) (5,41) (5,18) (5,18) 
 

5,18 5,18 5,18 5,18 

P 0.17 0.0004 0.04 0.008 0.0003 
 

0.0083 0.0069 0.6 0.16 

n 65 286 1163 1830 3354   1627 1152 887 687 
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4.8 Figures 

Date

Aug  Sep  Oct  Nov  Dec  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  

D
e
g
re

e
 d

a
y
s
 a

b
o
ve

 5
.6

°C

0

500

1000

1500

2000

2500

3000

2013-2014
2014-2015

 

Fig. 4.1. Accumulation of heat units recorded by data loggers at logs colonized by 

mountain pine beetle, Black Hills, SD. Degree days were calculated with the sine-wave 

method using a development threshold of 5.6°C.  
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Fig. 4.2. Mean emergence per log among historic and novel hosts in Black Hills, SD in summer 2014 (A) and summer 2015(C), and 

cumulative emergence among six pines hosts in summer 2014 (B) and summer 2015 (D). n=15-16 logs per species each annual 

replication.  
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Fig. 4.3. Effect of pine species on time to 50% emergence of mountain pine beetles in 

Black Hills, SD (F5,42= 8.6, P<0.0001). Data represent both years. Means followed by the 

same letter are not significantly different from each other. n=15-16 logs per species for 

each annual replication. 
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Fig. 4.4. Mean (+SE) brood adults per female among six different pine hosts in summer 

2014 (A) and summer 2015 (B) and among historic or novel pines in summer 2014 (B) 

and summer 2015 (D). Means with the same letter are not significantly different from 

each other. n=15-16 logs per species for each annual replication. 



 

126 

 

Mid-winter adults per female

0 5 10 15 20 25 30 35

S
u
m

m
e
r 

d
e
a
d
 a

d
u
lt
s
 p

e
r 

fe
m

a
le

0

5

10

15

20

25

30

35

 
 

Fig. 4.5. Comparison of mean adults per female in winter in logs of each tree (n=8 trees 

per species) and mean dead brood in summer in the remaining logs of each tree of each 

species. 



 

127 

 

 

Dissertation Conclusions 

 

Will mountain pine beetle establish in pines in northeastern North America? 

Mountain pine beetle would likely establish populations in northeastern North 

America if it arrived. Beetles are initially attracted to upright objects (our control trap) 

even in the absence of a pheromone signal (Fig. 2.5). Once landing on the bark, female 

beetles have a similar or greater likelihood of establishing fertile brood galleries in 

eastern pines as in lodgepole pine, the most common historic host (Fig. 2.4). Aggregation 

pheromone signals emanating from novel hosts are likely similar to historic hosts, due to 

similar concentrations of α-pinene, the pheromone precursor (Fig. 2.7A). However, 

reduced concentrations of attractive and synergistic host volatiles, particularly in red and 

eastern white pine, may reduce the likelihood of rapid initiation of mass attacks. 

Conversely, the presence of these volatiles in Scots pine (Fig 2.7B), and, to a lesser 

extent, jack pine (Fig. 2.7G), may enhance attraction and susceptibility (Fig. 2.5).  

Beetles developing in eastern pines are generally more fit than those in historic 

hosts (i.e., faster development, larger size) (Tables 4.1 & 4.3), likely due to reduced toxic 

monoterpene concentrations in the phloem of eastern pines (Fig. 2.6) that can be stressful 

to developing brood (Smith 1963). Reproductive output is likely similar to historic hosts 

(Fig. 4.4C), and brood can complete development and emerge in synchrony the following 

year (Fig. 4.2). Thus, we find no evidence that eastern pines cannot serve as hosts to 

mountain pine beetle, or that establishment of mountain pine beetle will be inhibited in 

eastern forests. 
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Will pine mortality be comparable to mortality levels in the west? 

It remains unclear whether mortality at the level observed in the west is possible 

as factors such as stand density and forest structure were not assessed here. However the 

biology and behavior of the beetle in the presence of novel hosts suggests that outbreaks 

will be possible. My work demonstrates that synchronized emergence (critical for 

cooperative host procurement) is possible among novel eastern pines (Fig. 4.2D), 

indicating that mass attacks and mortality of vigorous pines could occur. However, more 

rapid development among eastern pines would necessitate climates either cooler than the 

historic range of the beetle, to facilitate univoltinism (i.e., one generation per year), or 

warmer, to facilitate bivoltinism (i.e., two generations in one year). The western Great 

Lakes region is generally cooler than the Black Hills, where these common garden 

experiments were conducted. Thus, rapid development in eastern pines may facilitate 

appropriate seasonality and, in turn, the ability to kill trees in the cooler Great Lakes 

region. 

Is the risk posed to eastern forests different than what was previously forecasted? 

Several models that integrate climate and beetle physiology (measured in lodgepole 

pine) have forecasted climatic suitability for eastern forests. The adaptive seasonality 

model (i.e., the likelihood of a univoltine lifecycle) (Logan and Bentz 1999) suggests the 

Great Lakes region is too warm (Bentz et al. 2010). While the parameters of this model 

are likely too restrictive (e.g., the Black Hills were also projected to be too warm; cf., 

Bentz et al. 2010), more rapid development in eastern pines may result in more than one 

generation per year instead of the maladaptive desynchronized overwintering projected to 

occur (Bentz et al. 2010).  
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A cold tolerance model developed by Régnière and Bentz (2007) parameterized 

from supercooling points observed in beetles from primarily lodgepole pine suggests that 

the Great Lakes region has been too cold for the beetle in the past but will become 

increasingly suitable in the future (Bentz et al. 2010). My work suggests that this region 

may have been less suitable than the model projects due to the chill intolerance of the 

insect (Fig. 3.4), and may remain so longer. Thus, particularly cold winters in the 

northwestern Great Lakes region (which are admittedly less common), may cause greater 

than expected mortality among overwintering brood, and may be the historic cause of 

exclusion from the region, despite the beetle’s capacity for long distance dispersal (Nealis 

and Cooke 2014). Should cooler temperatures facilitate appropriate seasonality, however, 

overwintering larvae in red pine may display the greatest degree of survival among 

eastern hosts (Table 3.2). 

In sum, mountain pine beetle can likely attack and reproduce on eastern pines. 

Differences in concentrations of host volatiles critical for mass attacks make the efficacy 

of coordinated host procurement in these hosts unclear, although reductions in toxic 

monoterpenes may conversely enhance fitness of developing brood. Appropriate 

seasonality, critical for synchronized host procurement, will likely require regions either 

cooler or warmer than those found in the beetles’ native range for outbreaks to occur.  
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Appendix 1: Sexing live mountain pine beetles Dendroctonus ponderosae: 

Refinement of a behavioural method for Dendroctonus spp. 

 

Note: A version of this manuscript was submitted and accepted for publication on March 

1
st
 2016 to “Entomologia Experimentalis et Applicata”. Reprinted here with permission. 

A1.1  Introduction 

Members of the genus Dendroctonus (Coleoptera: Curculionidae: Scolytinae) are 

some of the most aggressive tree-killing bark beetles in the world. As such, much 

research on this genus has been undertaken to understand the factors that affect the 

population dynamics of these insects (Six and Bracewell 2015, Aukema et al. 2016). 

Despite biome-level ecological impacts of the most aggressive members of this genus 

when at outbreak levels, the flight periods of many temperate species are constrained to 

just a few weeks of peak emergence during which beetles locate and procure hosts via 

pheromone-mediated mass attacks (Rudinsky 1962, Raffa 2001, Bentz et al. 2014). 

Females initiate boring into a host. Thus, for many manipulative laboratory and field 

experiments assessing reproduction or host selection, the ability to quickly and accurately 

determine the sex of live insects is required.  

The only 100% accurate method of sex determination via secondary characters for 

Dendroctonus spp. requires examination of adults for the presence of a highly sclerotized 

plectrum on the seventh abdominal tergite (Lyon 1958, Safranyik and Carroll 2006). This 

plectrum is used for stridulation by males but absent in females. This morphological 

character is highly accurate (Lyon 1958, Jantz and Johnsey 1964, Godbee and Franklin 

1978), but can pose challenges when working with live insects (Tate and Bedard 1967). 

For example, female mountain pine beetles (Dendroctonus ponderosae Hopkins) tend to 
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draw their abdomens tight against the elytra when prodded. Squeezing the abdomen or 

manipulating its position with a metal probe under a dissecting microscope 

(McCambridge, 1962) can extend handling times and result in harm to the insect (Godbee 

& Franklin, 1978). Morphological examinations remain a popular technique, however, 

and work reliably when executed properly. 

Several authors have tested the efficacy of stridulatory behaviour as a potential 

method for sex determination of live Dendroctonus beetles (Table A1.1). When 

disturbed, males will use stridulation to produce predominantly simple “stress” chirps 

that are characterized by rapid short bursts (McCambridge 1962, Michael and Rudinsky 

1972, Fleming et al. 2013). Chirps are produced as males move the plectrum against the 

pars stridens on the underside of the elytra (Hopkins 1909, Michael and Rudinsky 1972). 

Female Dendroctonus spp. beetles are also able to stridulate, using a different stridulatory 

apparatus, but their short, simple chirps, characterized by a low sound pulse rate, are 

easily differentiated from the rapid chirping and higher sound pulse rates of males (Barr 

1969, Rudinsky and Michael 1973, Yturralde and Hofstetter 2015). Sonic emissions of 

female Dendroctonus spp. are typically restricted to courtship behaviours, though a stress 

response has been detected in the red turpentine beetle (D. valens LeConte) and the larger 

Mexican pine beetle (D. approximatus Dietz) (Ryker and Rudinsky 1976a, Yturralde and 

Hofstetter 2015). The ability to chirp likely confers reproductive advantage to the joining 

sex, as this trait has been independently gained in both Dendroctonus and Ips (Barr 1969, 

Lewis and Cane 1990), and is conserved among males across Dendroctonus species 

(Ryker 1988). 
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Though audible observations of stridulation can be useful for sexing adults of 

Dendroctonus spp., some error is common, which has reduced its use among researchers. 

Reported accuracy has varied between species. For example, up to 97.5% accuracy in sex 

determination has been obtained by listening for male stress chirps in Douglas-fir beetle 

(D. pseudotsugae Hopkins) (Jantz and Johnsey 1964). Up to 92% accuracy has been 

achieved in identifying female black turpentine beetles (D. terebrans Olivier) based on 

females being silent (43%) or producing a low pitch rasping sound (57%), with error 

occurring due to silent males (Godbee and Franklin 1978). This “low pitch rasping” may 

be similar to the stress response reported in the closely related female red turpentine 

beetles (Ryker and Rudinsky 1976a). For the western pine beetle (D. brevicomis 

LeConte), between 85-90% of males and <1% of females stridulate (Tate and Bedard 

1967). Only 82% accuracy was reported for the southern pine beetle (D. frontalis 

Zimmermann), although misidentifications may have been exacerbated by experimental 

design issues acknowledged by the authors (Osgood and Clark 1963). Inaccuracies most 

frequently result from some males remaining silent and not due to females chirping (Tate 

and Bedard 1967, Godbee and Franklin 1978). In summary, while this method can be 

fairly accurate, improvements to audible examination of insects would likely enhance 

further employment of this technique. 

Another, related approach to determine the sex of adult bark beetles is to look, not 

listen, for stridulatory movements from males under low magnification. Specifically, the 

abdomen will make rapid stridulatory movements when the insect is disturbed by 

touching (McCambridge 1962) or dropping (Lyons 1982). This method has been used 

most successfully in the native elm bark beetle, Hylurgopinus rufipes (Eichhoff), with 
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accuracies of 99.5% (Lyons 1982). A similar method has been used with mountain pine 

beetles, for which observation of these movements has proven to be 95.9% accurate at 

distinguishing adult males from females (McCambridge 1962). However, observation of 

stridulatory movements is less accurate than listening for audible chirps in other 

Dendroctonus spp. (Tate and Bedard 1967, Godbee and Franklin 1978). To our 

knowledge, while many investigators familiar with mountain pine beetle have used the 

audible method for sexing beetles (Hynum and Berryman 1980, Raffa and Berryman 

1982a, Fleming et al. 2013), no studies have explicitly examined the accuracy of using 

auditory male stress chirps for sexing mountain pine beetles. 

A1.2  Materials and Methods 

We have found in our work with mountain pine beetle that auditory examination 

can identify male and female mountain pine beetles with greater than 99% accuracy, 

especially when subjecting initial cohorts to a second or third assessment that reveals 

previously silent males. This repetition can be integrated easily into previously designed 

protocols to reduce the time needed for sexing relative to morphological examinations 

(Lyon 1958). For example, beetles can be sexed initially during collections and 

placement in storage containers. A second assessment of purported females can be 

quickly completed during handlings for experiments. Alternatively, beetles can be sexed 

in a production line scenario with multiple workers sexing the same beetles. 

To determine the sex of mountain pine beetles using audible chirping signals, a 

beetle is held gently by the margins of the pronotum between thumb and forefinger, with 

hind-wings fully folded; the abdomen facing up and the ventral side facing out. Holding 

them in this way will elicit stress chirps from males (Fleming et al. 2013). These chirps 
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can be detected by holding the insect within 10 cm of the worker’s ear (Fleming et al. 

2013) especially when tapping the side of the thumb holding the beetle with the 

forefinger of the other hand 5 to 10 times. This additional stimulation will often elicit 

chirps from initially silent beetles. We have found that sex can be determined at a rate of 

approximately 7 beetles per minute, or between 400 and 500 beetles per hour, though 

additional time to allow for delayed response may increase accuracy. 

To investigate the accuracy of audible sexing, mountain pine beetles were 

captured in the Black Hills of South Dakota. Lindgren funnel traps were baited with 

mountain pine beetle lure (Contech Enterprises, Delta, BC) in ponderosa pine (Pinus 

ponderosa Douglas ex C. Lawson) forests during peak flight in mid-August 2013. Beetles 

were also sourced from infested logs in 2015. Beetles emerged naturally or were removed 

from the logs once peak emergence had passed. If beetles had been stored in a 

refrigerator, they were allowed to warm at room temperature before being processed. 

Sexing was accomplished by listening two or three times for stridulatory chirps in all 

beetles tested, as described above. Males and females were placed in separate containers 

each time they were assessed. A minimum of three minutes was allotted between each 

assessment of the same beetle. After two to three consecutive assessments, beetles were 

moved to a freezer to be killed for later sex verification using the morphology of the 

seventh abdominal tergite (Lyon 1958). To determine if our method improves upon 

previously published reports on stridulation in mountain pine beetle, we compared our 

audible stridualtory results with the visual stridulatory movement results reported by 

McCambridge (1962). For this analysis we used a generalized linear logistic model in R 

(R Development Core Team, 2014) with the lme4 package for binomial data. The 
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bimodal response variable was the accurate or inaccurate identification of sex based on 

the presence or absence of chirps (our data) or abdominal movements (data from 

McCambridge, 1962). 

A1.3  Results and Discussion 

In total, 1095 male and female mountain pine beetles were used to evaluate the 

accuracy of audible sexing with repeated assessments. All beetles that produced rapid 

chirps were accurately classified as males during the initial assessment with no false 

positives (Table A1.2). Initial accuracy of sex classification was 97-98% for both field 

and laboratory-sourced individuals and was not significantly different from results 

reported by McCambridge (1962) who used a visual stridulatory technique (field-

captured: χ
2 
= 1.82, d.f. = 1, P = 0.18; lab-reared: χ

2 
= 2.87, d.f. = 1, P = 0.09). The 

proportion of beetles accurately identified as females improved with an additional 

assessment as previously silent males were identified. The accuracy of sexing after two 

assessments using an auditory technique was significantly greater than the 95.9% 

accuracy of a single visual identification reported by McCambridge (1962) for both our 

field-captured (98.6%; χ
2 
= 5.46, d.f. = 1, P = 0.019) and lab-emerged (98.9%; χ

2 
= 8.43, 

d.f. = 1, P = 0.0037) beetles. 

Using a separate cohort of 432 field-captured beetles, we found that accuracy of 

female identification was 99.1% after three assessments. Because we did not measure 

results after one or two assessments for this group, we exclude this cohort from Table 

A1.2. 

We suspect the initial or total silence of some males may have been due to a 

combination of obstructions to the stridulatory apparatus such as incomplete folding of 



 

156 

 

the hindwings, malformed stridulatory structures, or other physical damage. Indeed, a 

damaged or malformed male, unable to stridulate, would not likely be accepted by a 

female, as stridulation is required for mate acceptance (Ryker and Rudinsky 1976b). Thus 

female rejection of silent males may serve as a means of ensuring male physical or 

genetic fitness and ability to assist in gallery formation. This study suggests that such 

reduced fitness may be present in as many as 2-3% of males. 

Further research should examine whether repetitive assessments can increase 

accuracies in sex determination among other Dendroctonus spp. (Table A1.1), and 

whether male production of rapid stress chirps can be used for sex differentiation in other 

groups of bark beetles. The morphology of the pars stridens and plectrum are similar 

across the tribe Hylurgini, to which the genera Dendroctonus belongs, and stress signals 

have been observed in members of other groups within the tribe (Rudinsky and Vallo 

1979, Oester et al. 1981, Lyons 1982, Swedenborg et al. 1989). The male stress chirp 

may be a basal characteristic across Dendroctonus spp., as this behaviour has been 

observed in all Dendroctonus spp. tested to date (Table 1, Ryker 1988, Yturralde and 

Hofstetter 2015), spanning most of the clades within the genus (Reeve et al. 2012). 

While researchers have been aware of the audible approach to sexing adult 

mountain pine beetles for some time, our study is the first to experimentally demonstrate 

the reliability of this method and demonstrate how audible sexing can be improved. Our 

results indicate that beetles sorted as males can be 100% accurate after just one 

assessment and female accuracy can approach 100% after two to three assessments. We 

show that inaccuracies in sexing by listening to stridulatory chirping is due to males that 

remain silent and thus are wrongfully identified as females. However, assuming they are 
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in good condition, silent males will not necessarily remain silent in additional 

assessments. 
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A1.5  Tables 

Table A1.1 Results of this and other studies assessing accuracies of sex determination in 

Dendroctonus spp. by a single assessment of audible stridulation.  

 

Dendroctonus species % of total beetles 

correct* (SEM) 

n Reference 

D. brevicomis 87.5 (1.2) 741 Tate and Bedard, 1967 

D. frontalis 82.0 (3.8) 100 Osgood and Clark, 1963 

D. ponderosae 97.7 (0.6) 663 This study 

D. pseudotsugae 97.5 (1.6) 100 Jantz and Johnsey, 1964 

D. terebrans 94.7 (1.3) 300 Godbee and Franklin, 1978 

*To standardize reporting, we report means of the datasets utilized. For example, if the 

paper reports results of exposed vs. inexperienced worker, we report the mean of the 

results. 
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Table A1.2 Classification accuracy of the sex of adult mountain pine beetles according to the number of times beetles were assessed 

for stridulatory chirping.  

 

 

 

 

  

Source 
Sample 

Size 
First Assessment   Second Assessment   Improvement 

    

% correct 

males (n) 

% correct 

females (n) 
  

% correct 

males (n) 

% correct 

females (n) 
  

% reclassified 

females (n) 

Field-captured 292 100 (139) 95.4 (153) 

 
100 (142) 97.3 (150) 

 

2.0 (3) 

Laboratory-reared 371 100 (117) 96.9 (254)   100 (121) 98.4 (250)   1.6 (4) 
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Appendix 2: Mountain pine beetle attacks two novel eastern North American and 

two European pines at Shattuck Arboretum 50 years after Furniss & Schenk 

 

A2.1  Introduction 

In 1967, Malcolm Furness and Jack Schenk investigated an outbreak of mountain 

pine beetles (Dendroctonus ponderosae Hopkins) (Coleoptera: Curculionidae) in the 

Charles H. Shattuck arboretum on the campus of the University of Idaho. They 

determined that the outbreak had been progressing for three consecutive generations. 

Attacks were investigated on 143 trees from seven species, all novel hosts; Scots (Pinus 

sylvestris), eastern white (P. strobus), red (P. resinosa), jack (P. banksiana), Austrian (P. 

nigra), pitch (P. rigida), and Norway spruce (Picea abies). Emergence holes were tallied 

on Scots and eastern white pine, showing twice the density on eastern white than Scots 

pine (6.6/ft
2
 vs. 2.5/ft

2
 respectively). Twelve sections were cut from three eastern white 

pines and brood allowed to emerge, resulting in a total of 91 beetles per ft
2
. They further 

tallied the number of successful (i.e., trees killed in one year and beetles emerged from 

them) vs. unsuccessful (i.e. tree not killed) attacks. Attacks were largely successful on 

eastern white (78%, n=40), red (91%, n=23), jack (90%, n=10), Austrian (67%, n=6) and 

pitch (100%, n=4) pines. However, only 52% (n=58) of attacks were successful on Scots 

pine, though it was the most commonly attacked tree. Interestingly, historic hosts of 

mountain pine beetle, ponderosa (P. ponderosa), and western white pine (P. monticola), 

which also occur in the same stand within the arboretum, were not attacked. Jeffrey pine 

(P. jeffreyi) also occurs in the same stand (D. Rosenberger, pers. obs), but apparently was 

not attacked as this tree was not reported by Furniss and Schenk (1969). Fifty years later, 
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a second outbreak has occurred in the same arboretum (Fig. A2.1). This report 

summarizes findings from investigations of this outbreak between 10-12 August, 2015, 

conducted with the help of Stephen Cooke, forest entomologist at the University of 

Idaho. 

A2.2  Results and Discussion 

Paul Warnick, the Director of the Arboretum at the University of Idaho reported 

that six Scots pines had been removed the previous winter (2014-2015) after having been 

killed by mountain pine beetles. It is unclear when these trees were attacked, but since 

they were dead the winter of 2014-15, they had likely been killed by the summer of 2014 

and were likely attacked in the summer of 2013 (Table A2.1). Upon inspection of the 

arboretum, one additional Scots pine that had no needles remaining and had thus been 

attacked in 2013 or prior was observed. One eastern white and one Scots pine had red 

tops in 2015 and two additional eastern white pines had tops turning red (Table A2.2). 

All had four trees had adults present in early August. The Scots and eastern white pine 

with red tops had been attacked in 2014 and most brood had emerged, or were in the 

process of emerging (Table A2.2, Fig. A2.2A). However, it is not clear if the two eastern 

white with green/red tops had been attacked earlier in the year or the previous year, as 

larvae, pupae, teneral adults and sclerotized adults were all found (Table A2.2, Fig. 

A2.2B).  

I personally observed attacks occurring on Scots (Fig. A2.3B), eastern white (Fig. 

A2.3A), Austrian (Fig. A2.3C), and western white pines on 10 August and 11 August, 

2015. Additional trees, including a small red pine (Fig. A2.4), already had hardened pitch 

tubes and/or contained larval galleries, indicating they had been attacked several weeks 
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prior. Beetles initiating these attacks were likely from the three eastern white pines and 

one Scots pine displaying emergence holes as the two Austrian pines that had been 

attacked the previous year were unsuccessful (Table A2.1). I assessed other pines around 

campus, largely planted as ornamentals, and found no additional infestations. The St. Joe 

National forest is 10km away and a small stand of ponderosa pines are on Paradise ridge 

5km southwest; however, outbreaks needed to result in long distance dispersal (de la 

Giroday et al. 2011) across the agricultural fields surrounding the University of Idaho 

campus have not been reported (Stephen Cooke, pers. com.). 

Sapwood staining by blue stain fungi was present on the Scots (Fig. A2.5A) and 

eastern white pine (Fig. A2.5B). These pines displayed red needles, suggesting that these 

pines were suitable for the growth of mountain pine beetle fungal associates, which are 

critical for both beetle nutrition and tree death (Hubbard et al. 2013). Staining was also 

observed on an Austrian pine that had not been killed by attacks the previous year (Fig. 

A2.5C). Staining was also present on the eastern white pines with green/red needles, 

though staining was not as dark (Fig. A2.6). 

Attacks on Scots pine were confined to the furrowed bark of the lower and middle 

bole and absent from the smooth flaky bark of the upper bole on all six attacked trees 

(Fig. A2.7). This trait could be helpful to trees in surviving attacks, effectively reducing 

the area available for colonization, similar to limber pine (P. flexilis) (Ferrenberg and 

Mitton 2014). Carbohydrates needed for production of chemical defenses are produced in 

the upper stem, so resistance in this area may allow for sustained defense (Goodsman et 

al. 2013). Austrian pine, also a European species, and closely related to Scots pine, does 

not have flaky bark, and attacks all the way up the bole of these trees were observed. 
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Indeed, attacks were more likely to be found on the upper than on the lower boles of 

Austrian pines.  

A2.3  Conclusions 

 This study confirms that mountain pine beetle can successfully complete 

development and emerge from Scots and eastern white pine, two novel hosts for this 

insect (Table A2.2). The last time successful reproduction was reported on these novel 

hosts was at the same location 50 years ago by Furniss and Schenk (1969). Smith et al. 

(1981) reported that these same novel hosts, with the exception of Scots pine, which was 

unsuccessfully attacked, remained free of attacks in an outbreak in an arboretum in 

California. Jack pine and pitch pine are no longer present in the Shattuck arboretum and 

thus unavailable for observation. Their absence may be due to extirpation by the 

mountain pine beetle, as Furniss and Schenk (1969) reported that jack and pitch pines 

were highly susceptible to mortality. Mountain pine beetles have been caught on occasion 

in pheromone trapes in the arboretum for some time (Stephen Cooke, pers. comm), so 

these trees may have been killed over time. This study further shows that Scots and 

eastern white pines are susceptible to colonization by blue stain fungi (Ophiostomatales), 

putatively vectored by the mountain pine beetle to these hosts. However, we did not 

identify the species of the fungi.  

This study suggests that Scots pine may be particularly attractive to mountain pine 

beetle, as it was the first species to be attacked. Seven Scots pines in close proximity to 

the other species were attacked a year before any other pines were attacked (Table A2.1). 

Furniss and Schenk (1969) also observed that Scots pine was the tree most commonly 

attacked, although they also reported that it was also the tree most likely to survive. 
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Similarly, we observed one of the five Scots pines attacked in 2015 to have been attacked 

the previous year and survived (Table A2.1). 

 Future work should assess what species of fungi are present in the trees as the 

ability of the fungi to successfully colonize hosts is critical for mountain pine beetle 

survival. Prof. Cooke is currently investigating reproduction in sections taken from trees 

cut in spring 2016. Development rates should also be investigated as the presence of most 

life-stages at once in two of the eastern white pines suggests a lack of synchrony, 

possibly due to having been colonized very early in the summer. This pattern indicates 

that emergence had occurred prior to the apparent peak emergence in early to mid-August 

that was observed during this assessment.  
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A2.4  Tables 

Table A2.1. Pine species attacked and probable year of attack in the Charles H. Shattuck 

Arboretum at the University of Idaho 

Tree Scientific Name 

Avg. DBH 

(cm)** 

Attacked 

2013 

Attacked 

2014 

Attacked 

2015 

Austrian P. nigra 47.0 - 2 10 (2)* 

Scots P. sylvestris 45.8 7 (6 cut) 2 5 (1) 

Eastern White P. strobus 37.8 - 3 3 

Red P. resinosa 14.9 - - 1 

Western White P. monticola 33.6 - - 1 

*( ) designate number of total attacked trees that were previously attacked 

** Avg. DBH of Scots pine does not include the six that had been harvested. However, 

these were reported to have been large trees as well. 
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Table A2.2. Colonization and reproduction metrics for three eastern white pines (P. strobus) and one Scots pine (P. sylvestris) from 

400cm
2
 areas sampled at breast height on the North and South sides of each tree on August 11, 2015 at the Charles H. Shattuck 

Arboretum at the University of Idaho  

Tree 

Needle 

Color Direction DBH 

Pitch 

Tubes Galleries Larvae Pupae 

Teneral 

Adult Adult 

Emergence 

Holes Total 

Eastern white 1  Red North 41.7 5 4 0 0 0 1 7 8 

 

 South  4 6 0 0 0 1 13 14 

            

Eastern white 2 Green/Red  North 41.2 1 3 3 0 27 24 7 61 

  South  0 3 4 4 18 20 8 54 

            

Eastern white 3 Green/Red North 28.8 2 5 18 11 11 2 15 57 

 

 South  1 4 2 0 8 1 4 15 

            

Scots 1 Red North 46.2 2 7 0 0 0 18 38 56 

   South  4 10 0 0 0 15 35 50 
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A2.5  Figures 

 

Fig. A2.1. Aerial photo of the Charles H. Shattuck Arboretum at the University of Idaho 

(Google maps). Colored circles indicate stands of pines that were attacked such that blue 

= Scots pine; red = red pine; orange = Austrian pine; white = eastern white pine; yellow = 

western white pine.  

 



 

170 

 

 

Fig. A2.2. Brood under the bark of eastern white pine. (A) Brood adults under the bark 

and preparing to emerge from red-attacked eastern white pine 1 (P. strobus). (B) Larvae, 

pupae, teneral adult and sclerotized adults (not shown) all present under the bark of 

eastern white pine 2 with green/red needles on Aug. 11, 2015. Both pictures from the 

Charles H. Shattuck Arboretum at the University of Idaho on August 11, 2015. 
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Fig. A2.3. Bark removed on August 11, 2015 from (A) Scots pine (P. sylvestris), (B) 

eastern white pine (P. strobus), and (C) Austrian pine (P. nigra) on to reveal mountain 

pine beetle galleries in the Charles H. Shattuck Arboretum at the University of Idaho. 
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Fig. A2.4. Mountain pine beetle pitch tubes on red pine (P. resinosa) (14.9cm DBH) at 

the Charles H. Shattuck Arboretum at the University of Idaho on August 12, 2015. 
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Fig. A2.5. Mountain pine beetle boring into (A) eastern white pine (P. strobus) on Aug. 

11, 2015, (B) Scots pine (P. sylvestris) on Aug. 12, 2015 and (C) Austrian pine (P. nigra) 

on Aug. 12, 2015 in the Charles H. Shattuck Arboretum at the University of Idaho. 
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Fig. A2.6. Bark removed to reveal mountain pine beetle galleries on eastern white pine 2 

(P. strobus) in the Charles H. Shattuck Arboretum at the University of Idaho. Needles 

were still green and brood were in various stages of development. 
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Fig. A2.7. Hairy woodpecker in crown of Scots pine (P. sylvestris). No mountain pine 

beetle pitch tubes were observed on flaky bark of the crown. Photo taken on Aug. 11, 

2015 in the Charles H. Shattuck Arboretum at the University of Idaho. 
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Appendix 3: Blue stain fungi associated with mountain pine beetle can develop in 

novel eastern pines and show differences in growth rates between hosts at 

constitutive defensive levels. 

 

A3.1  Introduction 

 Mountain pine beetle is an aggressive bark beetle native to western North 

America. This insect uses a pheromone-mediated mass attack strategy to colonize 

vigorous pines. Several blue stain fungi (Ophostomatales) are associated with this beetle 

and are vectored between hosts. These fungi assist the beetle by accumulating nitrogen 

from the sapwood within the phloem, and by interrupting the flow of water through the 

sapwood and stopping the tree from continuation of active defense (Krokene 2015). 

Fungi also produce nutrients not present in the tree itself, namely sterols, critical for 

beetle development (Bentz and Six 2006). Trees are not passive however, and have 

developed defensive secondary chemicals toxic to these fungi (Raffa and Smalley 1995, 

Klepzig et al. 1996). Indeed, in the absence of defense against Ophostomoids, fungi 

generally considered non-virulent can become important pathogens (e.g., Dutch elm 

disease, Ophiostoma novo-ulmi; Laural wilt disease, Raffaelea lauricola) (Hulcr and 

Dunn 2011). 

 As mountain pine beetle continues its eastward expansion through the boreal 

forest towards novel eastern white, jack, red and Scots pines of the western Great Lakes 

region and northeastern North America, it is important to gain an understanding of 

whether these pines are suitable for mountain pine beetle fungal associates. Two species 

of fungi, Grosmannia clavigera, and Ophiostoma montium are most commonly 

associated with mountain pine beetle. Both of these species were found in phloem 
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samples taken from logs that had been used to rear beetles in 2013, using DNA barcoding 

techniques and BLAST website (data not shown).  

In this study, our goal was to determine if blue stain fungi can develop in novel 

eastern pines, if there are differences in suitability, and whether these fungi can be 

vectored from the host a year after introduction.  

A3.2  Methods 

A3.3.1  Quantifying fungal virulence on cut logs 

To assess differences in blue stain fungi staining of sapwood between species, 

logs were infested with beetles in the Black Hills of South Dakota in 2014. Methods for 

infestation of these logs are described in detail in Chapter 4. Logs were wrapped in 

aluminum screen and allowed to overwinter in the Black Hills near Rapid City. A subset 

of logs (two logs from each of four trees from each of 6 species) were debarked in 

January. One additional log of ponderosa was also debarked. Logs were autoclaved after 

being debarked to kill all fungi (Chpt. 3). The logs were then allowed to dry in a 

greenhouse until use. Logs were cut in half and staining on the cut end was quantified 

using ImageJ software. The proportion of staining in the sapwood (i.e., core excluded) 

was assessed by photographing the cut end and converting all stain to red pixels in 

ImageJ, and using the software to quantify pixels. The number of stain (red) pixels was 

converted to area by dividing by an area of known length and pixel count for each image 

(1cm
2
 piece of paper included in the picture), and then standardized by the entire area of 

sapwood to provide a proportion of sapwood stained. The number of egg galleries that 

traversed the cut area were also counted to provide an estimate of stained area per larval 

gallery. Methods for collecting reproduction data for each log are outlined in Chapter 4.  
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A3.2.2  Beetle vectoring of O montium 

For detection of O. montium, we sterile-collected beetles that emerged from 

emergence experiments in 2014 (see Chapter 4 for details of methods). A total of 24 

beetles from each pine species (23 from eastern white) and 2-4 trees from each species 

were used. Nine beetles caught in a pheromone baited Lindgren funnel trap in ponderosa 

pine forest in the Black Hills were also assessed separately for data on wild beetles. Each 

beetle was placed in a 1.5 mL centrifuge tube with 5-7 glass beads and 500 μL CTAB 

lysis buffer. Samples were crushed with a scalpel tip and vortexed for one minute. The 

solution was centrifuged briefly then moved to a clean tube and incubated in a hot water 

bath for 20 minutes at 65
o
C. When the samples were removed, 500 μL of 

chloroform/phenol/isoamyl was added and they were shaken gently to precipitate. The 

supernatant was moved to a clean tube. Two-thirds the amount of lysate of isopropanol 

was added. The solution was incubated at room temperature for 5 minutes and 

centrifuged at 13,000 rpm for 7 minutes. The solution was carefully poured out and 500 

μL of ice-cold 70% ethanol was added. The solution was centrifuged at 15,000 rpm for 

three minutes. The solution was carefully poured out, and any remaining solution was 

removed with a pipet. After tubes were left in a sterilized hood with tops open for at least 

an hour they were rehydrated by adding 100 μL of sterile water. Samples were stored in a 

-20
o
C freezer. An internal transcribed spacer (ITS) primer was used to test for fungal 

DNA (Khadempour et al. 2010). Samples being tested for O. montium were put through 

nested PCR. These samples were first run with ITS primers to amplify the ITS region. 

The product was then run with O. montium specific primers and visualized with gel 

electrophoresis. 
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A3.2.3  Statistical Analysis 

Mixed effects ANOVA models with tree as the random effect and stain per 

species, stain per cm of gallery (square root transformed to meet model assumptions of 

normality and homeoskedasticity of errors), and number of galleries as the response 

variables, with species as the fixed effect, were used to determine differences in staining 

among species. Mixed effects regression models with tree as the random effect, 

reproduction or brood density as the response variable and staining as the fixed effect 

were used to quantify the effect of staining on reproduction. A mixed effects generalized 

linear model with tree and log within tree as random effects was used to determine if 

there were differences in beetles with presence/absence O. montium detected among 

species. Finally, mixed effects ANOVA with tree and log within tree was used to 

determine differences in mass between adult beetles with and without O. montium 

present. Means were separated using Tukey’s HSD test. 

A3.3  Results and Discussion 

A3.3.1  Quantifying fungal virulence on cut logs 

Nearly twice the staining occurred in eastern white pine as occurred in all other 

pine species (F5,18 = 9.39, P=0.0002) (Fig. A3.1A). Susceptibility to staining remained 

high even after controlling for the number of egg galleries present (F5,18 = 4.22, P=0.01) 

(Fig. A3.1C). Overall, the least amount of sapwood staining occurred in red pine (Fig. 

A3.1). In general, greater staining per egg gallery occurred in novel than in historic hosts 

(Fig. A3.1C), although reduced staining in red pine likely reduced the overall effect (F1,22 

= 3.1, P=0.092). Greater staining suggests that blue stain fungi are more virulent in novel 
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hosts, showing a faster rate of spread in 5 months’ time than in historic hosts. Greater 

virulence may be due to lower monoterpene concentrations in novel hosts (Chapter 2).  

Greater staining was positively correlated with both reproduction (F1,23 = 7.71, 

P=0.0048)(Fig. A3.2A) and brood density (F1,23 = 10.28, P=0.0039) (Fig. A3.2B). This 

finding fits well with our observation in Chapter 4 of greatest pre-winter reproduction in 

eastern white pine.  

Fungi are critical for brood development and nutrition, as phloem alone does not 

provide the nutrition needed for growth (Bentz and Six 2006, Bleiker and Six 2007). Blue 

stain fungi are present in developing brood galleries throughout mountain pine beetle 

development in lodgepole pine (Khadempour et al. 2012). More rapid growth (i.e., 

inferred from relatively greater staining prior to winter), would ensure that fungal growth 

keeps pace with larval tunneling. However, it remains unclear what role fungi play post-

winter. Indeed, we observed greater mortality in advanced life-stages among the novel 

hosts in Chapter 4; however, greater suitability for fungal growth would suggest the 

opposite. In addition, brood were smaller in eastern white pine and largest in red pine, 

despite less staining in red pine. 

A3.3.2  Beetle vectoring of O. montium 

We found that beetles emerging from each of the novel hosts can vector 

Ophiostoma montium, a common blue stain fungi associated with mountain pine beetle 

(Fig. A3.3). Finding fungi present on beetles emerging from these hosts is a critical 

finding as it demonstrates that a fungal associate vectored by parents can grow and be 

vectored by emerging beetles. Beetles with O. montium detected on them (thus putatively 

feeding in the presence of this fungi) were 13% heavier than those with no O. montium 
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(Fig. A3.4), indicating the presence of these fungi in late stages of maturation may result 

in greater fitness, as mass is associated with greater flight capacity (Evenden et al. 2014). 

Low sample sizes may have precluded us from finding a significant difference (χ
2
=6.08, 

df=5, P=0.30) in the proportion of beetles from the different pine hosts that were 

vectoring the fungi. 

The primary limitation of this study is that experiments were conducted with cut 

logs, and thus induced defenses, which are primarily activated in response to virulent 

fungi (Raffa and Smalley 1995), were not present. However, this study does provide a 

baseline assessment at constitutive defensive levels, which occur during times of abiotic 

stress. In addition, induced defenses are likely localized (Keefover-Ring et al. 2016), and 

so once active tree defense has ceased, fungi may be able to escape localized toxic 

environments. More work should be done in the presence of induced defenses however, 

possibly by inducing defensive responses on live trees using native virulent blue stain 

fungi like those associated with Ips pini, and then cutting the trees and proceeding with 

infestation within the range of the mountain pine beetle.  
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A3.5  Figures 
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Fig. A3.1. The effect of host on staining of sapwood of cut logs infested by mountain 

pine beetles in the Black Hills of South Dakota in early August of 2014. (A) Mean 

percent (+SE) of sapwood stained (7-9 logs of each species from four trees of each 

species) by January 2015. (B) Mean (+SE) number of galleries crossing the cut face of 

the logs. (C) Mean (+SE) percent stain standardized by the number of galleries in that log 

to control for logs that did not have successful galleries initiated. Light bars indicate 

historic pine hosts, and dark bars represent novel hosts. Bars with the same letter are not 

significantly different from each other.  
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Fig. A3.2. The relationship between fungal staining and reproduction (A) and brood 

density (B) in logs infested with mountain pine beetles in August 2014 and debarked in 

January 2015. Logs represent all six species tested in this study.  
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Fig. A3.3. The proportion of beetles emerging from each of the six pine species (n=23-24 

insects each) as well as beetles (wild caught) putatively emerging from naturally attacked 

ponderosa pines in the Black Hills of South Dakota in 2013. Logs were infested in 

August 2013 and beetles emerged in August 2014. Chi square tests showed no difference 

in proportions of beetles emerging from each species (excluding wild caught).  
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Fig. A3.4. The average (+SE) mass of beetles emerging from infested logs of six pine 

species with (n=19) and without (n=124) O. montium detected on them. Bars with 

different numbers indicate significant difference. 
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Appendix 4: Comparative woodpecker foraging on forest insect pests: Implications 

for mountain pine beetle in eastern forests 

 

 

A4.1  Introduction 

Birds can be effective predators of forest insects, demonstrating functional and 

numeric responses to insect outbreaks (Venier and Holmes 2010, Koenig et al. 2013, 

Flower et al. 2014). Avian predation can facilitate a top down tri-trophic interaction 

where tree growth can be enhanced by the foraging of birds on tree pests (Whelan et al. 

2008, Mäntylä et al. 2011). Woodpeckers can have particularly significant impacts on 

woodboring beetles (Koplin 1972, Fayt et al. 2005, Edworthy et al. 2011). For instance, 

up to 100% mortality has been observed in ash trees infested with the invasive emerald 

ash borer (Agrilus planipennis) due to woodpecker predation (Lindell et al. 2008), 

although average predation is generally less than 50% (Duan et al. 2012, Jennings et al. 

2013, Flower et al. 2014).  

In western North America, woodpeckers are the most significant predator of 

aggressive bark beetles (Cole 1975, Amman 1984, Fayt et al. 2005), demonstrating a 

functional and numeric response to beetle outbreaks, and likely contributing to the 

control of bark beetle populations at endemic levels (Koplin and Baldwin 1970, Koplin 

1972, Fayt et al. 2005, Edworthy et al. 2011). Indeed, woodpecker predation on mountain 

pine beetle has been reported as high as 54% (Table A4.1).  

Mountain pine beetle (Dendroctonus ponderosae Hopkins), an aggressive bark 

beetle native to western North America, is currently expanding its range into eastern 

forests through the increasingly climatically suitable Canadian boreal forest (Safranyik et 

al. 2010). While some species are common to both eastern and western forests (e.g., 
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black-backed, three-toed, pileated, hairy, and downy woodpecker) and have been shown 

to feed on bark beetles during outbreaks (Koplin 1972, Edworthy et al. 2011), a list of 

those North American woodpeckers (Table A4.2) that specialize on forest insect pests 

could assist in assessing whether predation by woodpeckers may be similar in eastern 

compared to western forests.  

A4.2  Methods 

I reassessed the data compiled by F.E.L Beal in 1911 on woodpecker gut contents 

collected throughout the United States by the U.S. Department of Agriculture Biological 

survey. A total of 3,453 woodpecker stomachs were inspected and proportions of various 

insect groups were reported for the 21 most common woodpeckers at that time. For this 

analysis I classified the data of Beal (1911) by species by proportion of stomach contents 

comprised by forest insect “pests” (borers, scale insects, lepidopterans), ants, “beneficial” 

insects (Carabids, Hymenopterans), other insects, and plant material. Only those 

woodpeckers species with greater than 15 stomachs were ranked (Fig. A4.1), as these 

contained the most complete data.  

A4.3  Results and Discussion 

Results show that the American three-toed woodpecker and the closely related 

Black-backed woodpecker specialize on forest insects (Fig. A4.1). Both of these species 

are present in eastern as well as western forests. However, the American three-toed 

woodpecker is a northern species in the east, not extending south into the pine forests of 

the Great Lakes region (ebird map, Cornell Lab of Ornithology). The hairy, Nuttall’s, and 

downy woodpeckers also consume a large proportion of forest insects (Fig. A4.1). The 

Nuttall’s woodpecker is not present in the east, though the hairy and downy are (Table 
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A4.2). Less than 20% of the diets of the remaining woodpeckers were composed of forest 

insect “pests”. 

These results indicate that four of the top five woodpeckers that consume forest 

insects are present in eastern North America as well as the west. Eastern woodpeckers 

have been able to successfully identify trees with invasive borers in the past (Flower et al. 

2014), and thus would likely be able to respond to mountain pine beetle if outbreaks were 

to occur in eastern forests. However, the absence of the American three-toed woodpecker 

in the southern Great Lakes region could reduce the woodpecker pressure if outbreaks 

were to occur there.  
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A4.4  Tables 

Table A4.1. Review of studies measuring mountain pine beetle mortality due to woodpecker predation. 

Study Location Woodpecker* Outbreak status Life-stage % Mortality 

Amman (1973) Wyoming H, D Epidemic Overwintering parents 27-54 

Cole (1981) Utah Not noted Pre-epidemic All 0-9.1 

 

Utah Not noted Epidemic All 0-3.5 

 

Utah Not noted Post-epidemic All 0-3.6 

Amman (1984) Idaho and Montana BB, ATT Endemic Not noted 1.9 

 

Idaho and Utah BB, ATT Epidemic Not noted 15.2 

 

Wyoming BB, ATT Post-epidemic Not noted 3.8 

Safranyik & Carroll (2006) British Columbia Not noted Incipient 1965 All 29 

 

British Columbia Not noted Incipient 1966 All 42 

 

British Columbia Not noted Incipient 1967 All 36 

  British Columbia Not noted Incipient 1968 All 30 

*H=hairy woodpecker, D=downy woodpecker, BB=black-backed woodpecker, ATT=American three-toed woodpecker
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Table A4.2. Woodpeckers of North America with range, migrant and conservation (IUCN) status and food-type consumed. 

North American Woodpeckers Scientific Name 

Range in 

North America 

Migrant 

Status IUCN Status 

Number of 

Stomachs* % Insect* % Plant* 

Red-headed woodpecker Melanerpes erythrocephalus East Yes Near Threatened 443 33.83 66.17 

Red-bellied woodpecker Melanerpes carolinus East No Least Concern 271 30.94 69.06 

American Three-toed woodpecker Picoides dorsalis East and West No Least Concern 23 94.06 5.94 

Black-backed woodpecker Picoides arcticus East and West No Least Concern 28 88.69 11.31 

Hairy woodpecker Picoides villosus East and West No Least Concern 382 77.67 22.33 

Downy woodpecker Picoides pubescens East and West No Least Concern 723 76.05 23.95 

Pileated woodpecker Dryocopus pileatus East and West No Least Concern 80 72.88 27.12 

Northern flicker (red-shafted) Colaptes auratus East and West Yes Least Concern 183 67.74 32.26 

Northern flicker (yellow-shafted) Colaptes auratus East and West Yes Least Concern 684 60.92 39.08 

Yellow-bellied sapsucker Sphyrapicus varius East and West Yes Least Concern 313 49.31 50.69 

Ladder-backed woodpecker Picoides scalaris West No Least Concern 14 92.07 7.93 

Gilded flicker Colaptes chrysoides West No Least Concern 5 88.00 12.00 

Williamson's sapsucker Sphyrapicus thyroideus West Yes Least Concern 17 86.67 13.33 

Red-cockaded woodpecker Picoides borealis West No Near Threatened 76 81.06 18.94 

Nuttall's woodpecker Picoides nuttallii West No Least Concern 53 79.41 20.59 

Red-breasted sapsucker Sphyrapicus ruber West Yes Least Concern 34 68.92 31.08 

Golden-fronted woodpecker Melanerpes aurifrons West No Least Concern 11 54.73 45.27 

White-headed woodpecker Picoides albolarvatus West No Least Concern 14 38.93 61.07 

Ivory-billed woodpecker Campephilus principalis West No Critically Endangered 2 38.50 61.50 

Lewis's woodpecker Melanerpes lewis West Yes Least Concern 59 37.48 62.52 

Acorn woodpecker Melanerpes formicivorus West No Least Concern 84 22.59 77.41 

Gila woodpecker Melanerpes uropygialis West No Least Concern 0 - - 

Arizona woodpecker Picoides arizonae West No Least Concern 0 - - 

Red-naped sapsucker Sphyrapicus nuchalis West Yes Least Concern 0 - - 

*Data from Beal (1911) 
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A4.5  Figures 

 
 

Fig. A4.1. Percent of woodpecker (n=16) stomach content composed of forest “pests” 

(borers, scale insects, weevils, caterpillars, etc), ants, “beneficial” invertebrates (e.g., 

spiders, wasps, ground beetles, etc.), “other” insects (e.g., Orthopterans, hemipterans and 

those noted as “miscellaneous”), and plant material (e.g., fruit, mast etc.). Raw data from 

Beal (1911). Only those species with >15 stomachs inspected were included. 
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Appendix 5. Stimulating curiosity and engagement with insects beyond the college 

classroom through citizen science 

 

A version of this manuscript is published in the Summer 2016 edition of the American 

Entomologist. Reprinted here with permission. 

 

Many professional entomologists were first introduced to the study of insects 

through a college biology course. Yet little work has been published demonstrating 

effective means of stimulating curiosity and engagement with insects beyond such first 

exposures. At many small liberal arts colleges, a single introductory course in 

entomology or invertebrate biology may be all that is offered. This limitation increases a 

need to understand effective pedagogies that stimulate further engagement of students.  

Undergraduate research experiences are particularly effective at stimulating the 

pursuit of graduate programs in science-related fields post-graduation (Lopatto 2007). 

While we often perceive research experiences to be grounded behind a lab bench, course-

based undergraduate research experiences can also promote continued engagement with 

science (reviewed in Corwin et al. 2015). However, instructors of introductory courses 

are often limited in time and resources, making facilitation of such experiences difficult. 

Thus, one of the more effective tools for developing future scientists, i.e., engagement in 

authentic research, is often precluded from venues where future entomologists are likely 

to be birthed, the introductory college classroom.  

 Integrating citizen science into introductory science courses may be one means of 

addressing this issue (Vitone et al. 2016), and be a win-win for students, instructors and 

researchers. Citizen science can be defined as “the active engagement of the public in 

scientific research projects to address real-world problems” (Wiggins and Crowston 

2011). A slight modification of this definition is well-suited for student learning 
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outcomes within a course syllabus; i.e. “Students in this course will actively engage in 

scientific research projects to address real-world problems.”  

 In practice, researchers have long collaborated with volunteers to collect data. In 

recent years, many researchers have turned to formalized citizen science projects to 

recruit help. Some excellent examples of such projects, within the field of entomology, 

can be found on Scistarter,com (www.scistarter.com/topic/13-Insects) and the Xerces 

Society (www.xerces.org/citizen-science). Projects cover a range of areas within 

entomology, and are often focused on conservation and species monitoring (Johansen and 

Auger 2013). While such projects have great potential for supplying valuable data to 

researchers, recruitment of large numbers of participants can be difficult (Vitone et al. 

2016). 

 Here, we share our success in integrating two citizen science projects into three 

different courses at different institutions: Invertebrate Biology (BIO 308) at Bethel 

University (MN), Forest and Shade Tree Entomology (ENT 4251) at the University of 

Minnesota (MN), and Issues in Environmental Science (BIO 314) at Wheaton College 

(IL). Each investigation-type project (Wiggins and Crowston 2011) has taken one of two 

forms: a partnership with a state agency, brought into the classroom (Case Study 1), or 

the utilization of an established citizen science program (Case Study 2). Partnerships with 

state agencies in non-formal citizen science projects can be particularly rewarding for 

students, and provide networking and resume building opportunities. However, such 

projects are likely limited to the course, and require significant management and quality 

control on the part of the instructor. Conversely, student participation in formalized 

citizen science programs, often with user-friendly websites and established protocols, can 

http://www.scistarter.com/topic/13-Insects
http://www.xerces.org/citizen-science
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continue following completion of the course. We present two case studies as examples of 

ways citizen science projects can be integrated into science courses. 

A5.1  Case Study 1:  

The Minnesota Department of Agriculture (MDA) is responsible for the 

monitoring of invasive species in Minnesota. One program deploys traps baited with 

aggregation pheromones throughout the pine regions of the state to monitor for potential 

introductions of mountain pine beetle (Dendroctonus ponderosae), a bark beetle native in 

western North America. Resource managers and regulating officials are also interested in 

whether potential predators or competitors of existing native bark beetles would respond 

to aggregation pheromones produced by mountain pine beetle, if the insect were to arrive 

in the region. However, MDA time and resources were not allocated beyond monitoring 

for the mountain pine beetle. Thus, in BIO 308 and ENT 4251, we partnered with the 

MDA to process and analyze the bycatch from traps for potential predators and 

competitors of the mountain pine beetle (Table A5.1).  

There were three principle learning outcomes of this project. First, the students 

experienced authentic scientific discovery as they collected and analyzed data to address 

a real-world question with an unknown answer. Second, students gained a familiarity 

with insect diversity by spending two lab periods sorting through the diversity of insects 

found in bycatch, and identifying different groups. Students handled insects from many 

different orders and families, including many species that few people encounter. Third, 

students gained presentation and communication skills by writing laboratory reports and 

orally presenting their work to classmates. Students responded positively to this project 

and the chance to interact with a professional entomologist from the MDA. Several 
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students inquired about further opportunities for involvement, including potential summer 

positions with the MDA. 

A5.2  Case Study 2 

 Backyard Bark Beetles (www.backyardbarkbeetles.org) is a formalized citizen 

science project coordinated by the Hulcr lab at the University of Florida. This project is 

designed to monitor potentially invasive bark beetles and assess distributions. Citizen 

scientists engage in this project by monitoring a homemade window trap made from an 

upside-down 2 liter soft-drink bottle with one side removed. Hand sanitizer, which is 

typically 70% ethanol, is placed in the bottom of the trap where it both serves as an 

attractant (emulating a stressed tree) and preservative. Traps are checked for bark beetles 

and refilled daily. Samples are sent to Backyard Bark Beetles to be identified. 

 This project was effectively integrated into all three courses during modules 

focused on insect diversity or invasive species (Table A5.1). Students were motivated by 

the recognition that the abundance and identity of the various species of bark beetles on 

campus was unknown to science. As such, if students did not monitor for the presence of 

invasive species, potential new introductions could go undetected. Indeed, the efforts of 

the students in BIO 308, resulted in the first detection of the fruit-tree pinhole borer, 

Xyleborinus saxesenii (Ratzeburg) (Coleoptera: Curculionidae), in Minnesota in April of 

2015 (Fig. A5.1). This ambrosia beetle was previously unknown to state agencies such as 

the MDA and the Department of Natural Resources, and we could not find previous 

records in the literature or the University of Minnesota Insect Museum.  

 Students completed evaluations that asked about interests prior to and following 

involvement in the campus bark beetle monitoring project. A majority of students 

http://www.backyardbarkbeetles.org/
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expressed that they were interested in engaging in additional citizen science projects in 

the future after having been involved in the project. In addition, a majority of the science 

majors responded that they would be interested in engaging in insect-related research in 

the future after having participated in this project (D. Rosenberger, unpublished data).  

 These case studies offer examples of how the use of citizen science projects as 

authentic course-based undergraduate research experiences can be valuable for 

researchers, instructors and students. Course-based citizen science offers researchers and 

instructors opportunities to engage students in authentic research experiences, achieving 

both scientific and educational goals. The accessibility of formalized projects provides 

students the opportunity to continue their engagement in entomological research beyond 

the classroom. Thus, this initial engagement could be the first step towards a life-long 

interest or career in entomology. Future work should seek to quantify such outcomes, and 

investigate incorporation of course-based citizen science into disciplines beyond 

entomology.  
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A5.3  Tables 

 

Table A5.1. Example project outlines of how the two projects were integrated into 

laboratory sessions. Other bycatch or monitoring projects could utilize similar 

frameworks. 

Case Study 1: Bycatch Assessment Project 

Laboratory session 1 

An entomologist from the Minnesota Department of Agriculture introduces invasive 

insect monitoring in Minnesota. 

The instructor introduces the project, forms groups based on trap regions, and discuss 

project purposes and research questions. 

The instructor shows examples of target insects and provides data sheets and materials. 

Students sort each collection into target and non-target insects. Sorted bags are labeled 

and stored. 

The instructor works closely with the students to identify target insect groups. 

Laboratory session 2 

Students finish sorting insects. 

Students submit results to the instructor. 

Groups begin working on the lab write-up (introduction, methods, results, implications). 

Laboratory session 3 

Each group presents results from the region they assessed. 

The instructor presents consolidated results and implications are discussed by the class. 

Results are shared with the Minnesota Department of Agriculture. 

Case Study 2: Campus Bark Beetle Monitoring Project 

Laboratory session 1 

The instructor introduces the project, forms groups, and discusses project research 

questions. 

Groups construct, distribute, and bait traps in transects around campus. 

Students check traps daily for one or two weeks and store samples in a freezer. 

Laboratory session 2 

Students assess trap catch and determine presence and quantity of bark beetles. 

Students submit collection results to the instructor. 

Groups begin working on the lab write-up (introduction, methods, results, implications). 

All bark beetles are sent to Backyard Bark Beetles to be identified. 

Laboratory session 3 

Each group presents results to the class. 

The instructor presents consolidated results. Implications of findings are discussed by 

the class. 
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A5.4  Figures 

 
Fig. A5.1. Five transects of four traps (colored points) established by groups of students 

on the Bethel University (MN) campus to monitor for bark beetles during the bark beetle 

monitoring project (Case Study 2). Students used Google Maps to record trap locations. 

The inset image shows fruit tree pinhole borers (Xyleborinus saxesenii) caught in student 

traps. These captures represented the first record of this insect in the state of Minnesota. 
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