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ABSTRACT

Whitebark pine (Pinus albicaulis) is a high-elevation conifer, recognized as a foundation
species due to the numerous ecological benefits it provides in subalpine environments. In
whitebark pine and other conifers, resin-based defenses have long been recognized as the
primary mechanism by which trees respond to bark beetle attacks and several studies have linked
resin duct properties to survivorship during periods of increased beetle activity. Utilizing a
unique dataset of whitebark pine collected on the Flathead Indian Reservation in northwestern
Montana, we set out to investigate the following research questions: (1) Are there differences in
physiology (tree growth and resin duct anatomy) between trees that persisted through recent
mountain pine beetle outbreaks and trees that died? (2) Does constitutive resin chemistry differ
between whitebark and co-occurring lodgepole pine and are there relationships between tree
growth, resin duct anatomy and resin chemistry? (3) Does competition influence constitutive
resin chemistry in either whitebark or lodgepole pine? and (4) Is whitebark pine growth and/or
resin duct anatomy constrained by warmer and/or regionally drier conditions? We found that
whitebark pine trees that have persisted through recent stand-level disturbance produced fewer
but larger resin duct structures with greater duct area compared to trees that died. We also
detected important differences in the chemical composition of resin between whitebark and
lodgepole pine that generally support field observations, whereby under endemic scenarios
mountain pine beetle preferentially select lodgepole pine, while under outbreak scenarios, beetles
successfully colonize whitebark pine trees. We found complex relationships between tree
growth, resin duct anatomy and constitutive resin chemistry that present beetles with many
permutations of resin-based defenses, while competition, particularly with Engelmann spruce
(Picea engelmannii) can further influence constitutive resin chemistry. Lastly, we found that
whitebark pine across our study sites are experiencing increased growth and defense under
warmer and regionally drier conditions. Whitebark pine at our study sites exhibit differing
strategies in the allocation of resources toward growth and defense. Our results support the idea
that maintaining genetic variability promotes diverse response strategies to a complex array of
biophysical stressors that might leave a species vulnerable to extinction across its range.
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INTRODUCTION

An increase in the incidence of large and damaging fires in the western U.S. highlight the
need to revise forest management policies and implement adaptive strategies to support resilient
forest ecosystems (Franklin and Agee 2003, Stephens and Ruth 2005, Westerling et al. 2006,
Littell et al. 2009, van Mantgem et al. 2009, McWethy et al. 2019). Insect and disease outbreaks
and extremes between wet and dry years are occurring in concert with changing fire activity,
leading to disturbance synergies with profound ecological and social consequences (Loehman et
al. 2017). Developing management strategies to mitigate the impacts of these disturbance
synergies requires an understanding of complex interactions between disturbances and forest
ecosystem dynamics in the past and present (Kane et al. 2017). While many researchers have
documented changes in disturbance regimes over the past century, this information is often
limited both spatially and temporally (Conedera et al. 2009, Driscoll et al. 2010) and may not
fully account for subtle but important biophysical and climatic variability across geographic
gradients. Currently, results from many regional studies have been applied broadly, leading to
management prescriptions that are ill-matched for the ecosystems in which they are adopted
(Dawson et al. 2011, Halofsky et al. 2011). This is often the case for high-elevation mixed-
conifer forest stands of the northern Rocky Mountains that experience a range of disturbance
conditions (in both frequency and intensity) that are highly variable across time and space
(Veblen et al. 1994, Baker 2009). Management in these diverse areas requires a multidisciplinary
framework that considers numerous ecological responses to past and present perturbations within

a heterogeneous matrix of vegetation and topography.
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Whitebark pine (Pinus albicaulis) is a long-lived, high-elevation conifer that occupies
subalpine ecosystems (Arno and Hoff 1989, Keane 2000, Tomback et al. 2001). Often
dominating treeline, whitebark pine is considered a foundation species, with high cultural and
ecological significance (Cole 1990, Mills and Doak 1993, Tomback et al. 2001). Whitebark pine
is one of the few species that thrives at high altitudes (> 2,000 m a.s.l.) where they stabilize
erosive slopes; promote snow accumulation; increase snowpack retention and effectively
modulate moisture loss in subalpine regions, helping provide a consistent supply of water to
lower elevations throughout summer months (Arno and Hoff 1989, Tomback and Kendall 2001,
Bockino and Tinker 2012). Whitebark pine seeds are highly nutritious and an important food
source for several species of wildlife, including grizzly bears (Ursus arctos horribilis), black
bears (U. americanus), and numerous small mammals and birds. Seeds are predominately
dispersed by the Clark’s nutcracker (Nucifraga Columbiana), a bird which caches seeds broadly
across alpine landscapes, including disturbed areas. In these environments, forgotten seeds often
germinate, forming whitebark pine forests of tomorrow. Whitebark pine is an important pioneer
species, as the hearty seedlings colonize areas and ameliorate site conditions, promoting
additional vegetative growth through tree island initiation (Tomback et al. 1993, Tomback et al.
2016). However, extensive whitebark pine mortality due to the introduction of a highly
aggressive exotic pathogen white pine blister rust (Cronartium ribicola) and extensive mountain
pine beetle (Dendroctonus ponderosae) outbreaks caused by shifting climate, along with future
projections of continued population declines due to warming, led the U.S. Fish & Wildlife
Service to list whitebark pine as “threatened” under the Endangered Species Act in December

2020. Managers tasked with supporting and maintaining the viability of whitebark pine into the



future need information on how whitebark forests respond to climate and disturbance synergies
across biophysical gradients throughout its range.

While insects, fire, disease, and secondary effects of drought (including increased tree
stress and predisposition to other disturbances) have contributed to recent mortality of whitebark
pine, these processes also play an important role in the long-term establishment and persistence
of northern Rocky Mountain whitebark pine forests. However, historical records detailing the
relationship between disturbance and whitebark pine ecosystem dynamics are particularly
lacking. For example, a metanalysis of paleoecological data suggests that the abundance of Pinus
subgenus strobus, as inferred from pollen percentages, was greater (particularly at lower
elevations) during the Holocene summer insolation maximum (~9 kyrs BP) when summer
temperatures were warmer, bark beetle activity was prevalent, and fire activity was high in the
western U.S. (Iglesias et al. 2015). This research suggests possible complex interactions between
temperature, fire, and insect dynamics that have developed over thousands of years, highlighting
a need to better understand how five needle pines (P. strobus subgenus) have persisted in the
past and will respond to multiple disturbances in the future. Research investigating the
physiological response of whitebark pine to fire frequency, increased competition, and timing /
severity of beetle outbreaks across a range of diverse environmental gradients is essential for
developing effective management targets. This is especially true given that current species risk
assessments for whitebark pine rely on bioclimatic models that include little information on
potential physiological adaptability of the species to interactions and feedbacks between
changing climatic and disturbance regimes. In addition, previous research evaluating natural

physiological defenses in whitebark to insect attacks has traditionally been conducted in either



4
“pure” high-elevation stands (particularly around the Greater Yellowstone Ecosystem) or in
common-garden experiments (Raffa et al. 2013, Raffa et al. 2017, Warwell and Shaw 2017,
Bullington et al. 2018, Six et al. 2018, Mason et al. 2019), which often fail to capture the
complex suite of interacting factors that influence mixed-conifer stands where whitebark pine co-
occurs. Our study sites, located within the Flathead Indian Reservation in northwestern Montana,
are characterized by mixed stands of whitebark pine, lodgepole pine (P. contorta var latifolia),
subalpine fir (4bies lasiocarpa), and Engelmann spruce (Picea engelmannii) with differing
legacies of fire, insects, and pathogens. While these types of ecosystems are common within the
northern Rocky Mountains, little research has explored disturbance interactions within these
mixed whitebark stands (Kichas et al. 2020, Kichas et al. 2021).

Better understanding how physiological characteristics of whitebark pine (specifically the
allocation of resources to growth and defense) influence survival following the synergistic
effects of multiple disturbances is critical for resource managers tasked with managing and
supporting the long-term viability of this foundation species. Across many species of North
America pines, research shows that during beetle attacks, even at peak epidemic levels, there are
mature individuals that remain uncolonized by beetles, and that these resistant individuals may
have different defense traits (Strom et al. 2002, Hood et al. 2016). For instance, Strom et al.
(2002) found oleoresin flow from progeny of mature loblolly pines (P. taeda) that "escaped"
mortality during an outbreak of southern pine beetle (Dendroctonus frontalis) was higher
compared to the general population. Other studies have demonstrated the importance of resin
ducts as defense traits in ponderosa pine (P. ponderosa), pifion pine (P. edulis), limber pine (P.

flexilis), lodgepole pine, and whitebark pine (Kane and Kolb 2010, Gaylord et al. 2013,
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Ferrenberg et al. 2014, Hood et al. 2016, Kichas et al. 2020). Survivorship of individuals within
such diverse populations suggests an intrinsic level of resistance that can be genetically passed
on to the survivors’ progeny (de la Mata et al. 2017, Six et al. 2018). This is supported by
research which suggests that the capacity to produce defensive features (such as resin ducts) and
the composition of chemical defenses (e.g. chemotypes) are under strong genetic control,
resulting from site-specific selective pressures that moderate growth and defense relationships
over time (Hannrup et al. 2004, Rosner and Hannrup 2004, Moreira et al. 2014, Moreira et al.
2015, Westbrook et al. 2015, Moreira et al. 2016).

Evaluating relationships between tree growth, resin duct development and oleoresin
chemistry can provide valuable insight into overall capacity for these trees to resist and defend
against stressors that are projected to increasingly impact this important species. Utilizing a
unique dataset of whitebark pine collected on the Flathead Indian Reservation in northwestern
Montana, we set out to investigate the following research questions:

1) Are there differences in physiology (tree growth and resin duct anatomy) between trees
that have persisted through recent mountain pine beetle outbreaks and trees that have
died?

2) Does constitutive resin chemistry differ between whitebark and co-occurring lodgepole
pine and are there relationships between tree growth, resin duct anatomy and resin
chemistry for either species?

3) Does competition influence constitutive resin chemistry in either whitebark or

lodgepole pine?
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4) Is whitebark pine growth and/or resin duct anatomy constrained by warmer and/or

regionally drier conditions?

Previous whitebark pine research has primarily focused on the relationship of mortality to
white pine blister rust and mountain pine beetle (Logan et al. 2010, Bockino and Tinker 2012,
Millar et al. 2012, Retzlaff et al. 2016, Tomback et al. 2016). However, little is known about how
physiological characteristics of whitebark pine resource allocation to growth and defense
influence survivorship to the interacting effects of climate and compounding disturbances (Millar
and Delany 2019). In addition, strategies for maintaining whitebark pine stands rely heavily on
bioclimatic models that project substantial losses in the distribution of whitebark pine stands
throughout the northern Rocky Mountains. These models, however, fail to capture long-term
physiological adaptability of this unique species, and as such, are potentially misleading. Our
results address these knowledge gaps by identifying physiological mechanisms by which
whitebark pine respond to complex disturbance interactions within these unique montane

environments.
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CHAPTER TWO

CONSIDERING CONSTITUTIVE AND INDUCED DEFENSES, CHEMICAL
COMPOSITION, AND MORPHOLOGICAL RESIN DUCT DEFENSES IN RELATION TO

WHITEBARK PINE (PINUS ALBICAULIS)

Mounting evidence suggests recent increases in tree mortality resulting from fire
exclusion, changes in climate, pathogen and insect activity, and complex interactions among
these disturbance events (Mattson and Haack 1987, Westerling et al. 2006, van Mantgem and
Stephenson 2007, van Mantgem et al. 2009, Allen et al. 2010, Schwandt et al. 2010, Tomback
and Achuff 2010, Roy et al. 2014). As such, there is a growing interest to better understand the
role of tree defense and physiological responses of trees as they relate to mortality.

However, tree physiology and disturbance regimes vary substantially across both time
and space, which complicates our ability to make generalized assumptions for inter- and intra-
specific species response to biotic and abiotic processes. This is made more difficult by the
substantial complexity of defense anatomy and diversity of chemical compounds that are
produced by plants, which vary across populations, individuals, and plant organs (Trowbridge
2014, Jamieson et al. 2017). In addition, defensive structures and chemical compounds are
influenced by a host of biotic and abiotic factors that collectively inflate variability and confound
the evolutionary origin and development of secondary metabolites. Coevolution of chemical
defenses in response to herbivores and pathogens over millions of years has resulted in a myriad
of complex relationships whereby insect and pathogen activity is often intimately linked to the
presence, diversity, and concentration of specific chemical compounds in host plants (Smith

2000, Six 2012, Jamieson et al. 2017). However, the production of physical defense structures



and chemical compounds is energetically expensive, which necessitates important trade-offs
between metabolic differentiation to growth versus resource allocation to defensive features
(Stamp 2003, Trowbridge 2014).

While there have been several studies that have looked to quantitatively assess growth
and defense characteristics for a range of species, general inconsistencies in methodologies and
research findings both within and across species reflect a need for standardization of metrics and
ongoing refinement of analytical techniques. This is particularly true for long-lived organisms,
such as conifers that have variable, genetically-mediated metabolic processes and context-
specific responses to their local environment that may select for unique combinations of
defensive traits over time (Cobb et al. 1994, Mitton et al. 1998, Rosner and Hannrup 2004,

Moreira et al. 2016).

Resource Allocation to Growth and Defense

Physical and chemical defenses are critical for mediating plant-herbivore-pathogen
interactions; however, the production and proliferation of defensive structures and chemical
compounds is energetically expensive with high demand for relatively limited carbon resources
(Lewinsohn et al. 1991, Stamp 2003, Moreira et al. 2014, Trowbridge 2014). Given adequate
resource availability, plants will preferentially allocate resources toward primary production,
including diameter and height growth as well as development of leaves, cones, and course- and
fine-root networks (Trowbridge 2014, Jamieson et al. 2017). However, plants simultaneously
utilize carbon reserves in the production of secondary metabolites, such as anatomical features
and chemical compounds (e.g., terpenoids, alkaloids, and phenols) to protect crucial tissues from

damage by herbivory and pathogens. As such, there are important trade-offs regarding resource
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allocation between growth and defense, which remains to be fully elucidated given the complex
biosynthetic pathways involved in cell differentiation and chemical synthesis (Trowbridge 2014).
Many hypotheses have been proposed to characterize observed biophysical processes relating to
these trade-offs, including the resource allocation hypothesis (RAH), as well as the growth-
differentiation balance hypothesis (GDBH). The resource allocation hypothesis argues that plants
in stressful, resource-poor environments will exhibit naturally slow growth rates and will invest
comparatively more carbon into the development of defensive features and chemical compounds
to limit the potential loss of expensive tissues, which would be difficult to replace under such
circumstances (Coley et al. 1985, Stamp 2003, Endara and Coley 2011, Moreira et al. 2014,
Moreira et al. 2015, Moreira et al. 2016). This hypothesis has been supported by several studies
across a range of deciduous trees and shrubs, which tend to have lower growth rates and higher
levels of constitutive defenses in resource poor environments (Endara and Coley 2011). For
instance, research by Moreira et al. (2015) provides support for this hypothesis as the authors
found increased resin duct density and increased relative area (a metric that combines duct
density and duct size) as well as decreased growth rates in juvenile maritime pine (Pinus
pinaster) under a phosphorous limited setting. Additional work by Moreira et al. (2014) looked
at defense characteristics in a common greenhouse experiment for 18 Pinaceae species whose
native habitats occupy broad latitudinal (31°) and elevational (2300 m) gradients. The
researchers found increased constitutive defenses (stem resin and needle phenolics) and
decreased inducible defenses for species that naturally occur at higher latitudes and elevations,
where environmental conditions correspond with slower growth rates, suggesting a heritable

pattern of increased primary defenses in more resource-limited environments.



10

Alternatively, the GDBH suggests that investment in defensive features may occur with
relatively minimal trade-offs to growth under resource-limited conditions (such as reduced
moisture or nutrient availability) whereby growth is constrained by resource limitations, but
photosynthesis continues to produce carbon compounds and this ‘carbon surplus’ may then be
allocated toward physical and chemical defenses. This hypothesis has some observational
support, as resin flow has been observed to increase in some species under moderate water stress,
where growth would be more limited, but photosynthesis would continue to produce carbon
resources, while decreasing under severe moisture stress, where assimilation would be
insufficient in meeting basic metabolic demands for primary production (Loomis 1932, Herms
and Mattson 1992, Stamp 2003, Gaylord et al. 2007, Gaylord et al. 2013, Hood and Sala 2015,
Moreira et al. 2015). Anatomical resin ducts also tend to form in the latewood when water
availability is generally reduced, which would follow this logic (Rigling et al. 2003). The GDBH
has also been supported in various studies, although research is largely context dependent, given
wide variability in methodologies and protocols (Ferrenberg et al. 2015). For instance, Gaylord
et al. (2013) found that resin flow in twigs of pifion pine decreased under extreme (3 year)
drought stress, as trees were unable to assimilate carbon for resin defenses, as well as under
water-additive treatments, as the well-hydrated trees preferentially allocated resources to growth
over defense, whereas resin production increased under moderate water stress, corresponding
with intermediate growth. Similarly, the work by Moreira et al. (2015) also lends support for the
GDBH as the maritime pines responded to phosphorous limitation through decreased growth
with a corresponding increase in defensive features. Research by Hood and Sala (2015) also

broadly support this hypothesis as the researchers found increased resin flow in ponderosa pine
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trees during periods of seasonal moisture stress, where oleoresin production was greater in
August (less moisture availability) than in July.

Central to each hypothesis is the larger idea that resource allocation towards defense
enhances plant fitness and that inter- and intra-specific variability can be explained by trade-offs
between growth and defense, whereby external factors including resource availability, abiotic
stress, and herbivore pressures all contribute to investment in defensive systems (Moreira et al.
2014, Trowbridge 2014, Ferrenberg et al. 2015, Jamieson et al. 2017). However, results of many
studies looking to establish evidence for either hypothesis are often contradictory, as the nature
of biophysical mechanisms involved in resource allocation to growth and defense are highly
complex, as well as difficult to test in both field / greenhouse studies and lab experiments
(Trowbridge 2014, Jamieson et al. 2017). In addition, the hypotheses themselves are not
mutually exclusive and it is likely that aspects of both are correct depending on the plant species
considered as well as environmental conditions influencing resource allocation, such as climate,
topography, intra- and inter-specific competition, as well as a host of other biotic and abiotic
pressures (Stamp 2003, Trowbridge 2014). Research addressing either hypothesis tends to be
limited to small number of species in early developmental phases (e.g., seedlings) with minimal

data for intermediate and mature ages classes (Ferrenberg et al. 2015).

Constitutive and Induced Defense

The production of resin ducts and storage of oleoresin compounds has been researched
for a variety of species and has generally been distilled into two broad categories: constitutive
(primary) defensive features, which are always present and provide a relatively constant barrier

to attack by herbivores and pathogens, and induced (secondary) defenses, which are formed
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locally in response to biotic disturbance (Lewinsohn et al. 1991, Moreira et al. 2014, Trowbridge
2014). The degree to which certain plants will exhibit constitutive versus induced defenses is
largely controlled by evolutionary history, with pines (Pinus spp.) having characteristically
greater constitutive defenses while true firs (4bies spp.) tend to exhibit greater inducibility
(Lewinsohn et al. 1991, Phillips and Croteau 1999). However, the degree to which species reflect
constitute versus induced defenses is strongly moderated by environmental conditions and biotic
pressures and can therefor vary substantially within and among populations (Ferrenberg et al.
2017). In addition, the plethora of external factors acting on individuals and populations will
collectively select for defensive phenotypes over time and may lead to incongruencies regarding
what would otherwise be expected based purely on molecular phylogeny (Moreira et al. 2015).
While pines and true firs broadly represent two extremes of defense phenotypes many taxa exist
along a gradient of constitutive and inducible defenses and the two are not mutually exclusive
(Phillips and Croteau 1999). For instance, many species of pine will biosynthesize additional
defensive features, such as traumatic resin ducts and phenolic compounds, in response to insect
attack or fungal inoculation (Klepzig et al. 1995, Paine et al. 1997, Phillips and Croteau 1999).
These induced responses are regulated by hormones of jasmonic and salicyclic acid, which
collectively signal plant defense systems. This process may take days to weeks and is inherently
complicated due to antagonistic crosstalk between signaling pathways that can vary substantially
within and across species (Siemens et al. 2009, Moreira et al. 2014, Liu et al. 2017b). Synthetic
compounds of jasmonic and salicyclic acid have been successfully used in greenhouse

experiments to stimulate induced defense and have provided an effective tool for assessing the



13
development of inducible defenses, which are characteristically difficult to assess in natural
settings (Moreira et al. 2014, Moreira et al. 2015, Moreira et al. 2016, Liu et al. 2017b).

Constitutive and induced defenses are the primary barrier to beetle-fungal complexes and
consist of intricate anatomical resin duct structures located throughout cortex, xylem and
secondary phloem tissues, with the relative frequency and distribution of these structures varying
largely across taxa (Wu and Hu 1997, Warren et al. 1999). These systems contain axial and
radial tube-like resin ducts, surrounded by secretory parenchyma cells that produce viscous, free-
flowing liquid compounds which are quickly mobilized to isolated areas in response to damage
from mechanical injury, abiotic stress, or biological agents (Raffa and Berryman 1983, Paine et
al. 1997, Nagy et al. 2000, Franceschi et al. 2005, Rodriguez-Garcia et al. 2014). Preformed resin
is synthesized and stored within the lumen of resin ducts, which are lined by thin-walled
secretory epithelial cells (Phillips and Croteau 1999, Franceschi et al. 2000, Nagy et al. 2000,
Baier et al. 2002). Parenchyma cells, containing toxic polyphenolic compounds, are located
throughout the secondary phloem and play an important role in mitigating insects and fungal
activity due to their ability to immobilize enzymes produced by microorganisms (Bell 1981,
Paine et al. 1997, Franceschi et al. 1998, Warren et al. 1999).

There are many types of resin duct structures, including cortical resin ducts, resin ducts in
the secondary xylem and phloem, as well as traumatic resin ducts and resin blisters (multicellular
sac-like structures), which are produced in response to isolated injury (Bannan 1936, Lewinsohn
etal. 1991, Wu and Hu 1997, Nagy et al. 2000, Baier et al. 2002). However, the nature of these
structures varies widely among and within species as does the relative rate of resin synthesis and

storage methods for oleoresin compounds (Bannan 1936, Phillips and Croteau 1999, Nagy et al.
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2000). Pines for instance exhibit an elaborate system of constitutive resin structures which
extend in the vertical, radial, and transverse directions throughout the xylem and phloem, often
intersecting to form complex networks capable of quickly transporting large volumes of
preformed and synthesized resin to various areas of the tree in response to physiological
demands (Lewinsohn et al. 1991, Phillips and Croteau 1999, Perrakis and Agee 2006,
Wainhouse et al. 2009). On average, species of pine also produce a much larger quantity of resin
than other species such as true firs and many genera in the Cupressaceae family, although some
species of pine (e.g., ponderosa) are more prolific resin producers than others (e.g., Great Basin
bristlecone pine) (Lewinsohn et al. 1991, Wu and Hu 1997, Phillips and Croteau 1999, Smith
2000, Wainhouse et al. 2009, Bentz et al. 2017).

In addition to intra- and inter-species variation there is supportive evidence that
developmental stage (ontology) and phenology also have a significant influence on the relative
proportion of carbon allocated to resin-based defenses (DeAngelis et al. 1986, Imaji and Seiwa
2010). For instance, Wainhouse et al. (2009) found that Corsican pine (P. nigra spp. laricio)
produced more resin duct structures as the trees aged, compared to Sitka spruce (Picea
sitchensis), which did not exhibit any notable differentiation in resin duct production across an
age gradient. Lodgepole pine (P. contorta) has also been found to have fewer chemical defenses
in older stem tissues, whereas chemical defenses increase in older white spruce (P. glauca)
foliage (Quiring 1992, Goodsman et al. 2013). Moreira et al. (2014) found that constitutive resin
defenses in the stems and needles of 18 species in Pinaceae decreased for taxa that
characteristically occupy lower latitudes and elevations that correspond with higher growth-rates,

while inducible defenses increased. In general, slow growth rates associated with reduced vigor
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tend to correlate with reduced resin-based defenses, which can increase susceptibility to
mortality from insects and pathogens (Kane and Kolb 2010, Perrakis et al. 2011, Ferrenberg et
al. 2014, Hood and Sala 2015, Hood et al. 2015, Hood et al. 2016).

The high degree of interspecific variability in natural settings is attributable to several
factors, including age, genetics, and growing conditions. Conifers are locally adapted to climate
and edaphic controls, which may lead to considerable variation in defensive properties across
taxa even when among-population gene flow is present (Cobb et al. 1994, Mitton et al. 1998,
Neale and Savolainen 2004, Ferrenberg et al. 2015, Moreira et al. 2015). For instance, tree vigor
(relative growth rate) has been shown to influence defensive structures and chemical compounds.
Hood and Sala (2015) found that faster growing ponderosa pine (P. ponderosae) invested
relatively less carbon into resin ducts (lower production per year of growth) but had larger
overall resin ducts and produced volumetrically greater amounts of resin compared to slower-
growing individuals. Similar results were presented by Hood et al. (2015) and Hood et al. (2016),
whereby ponderosa pine that survived bark beetle attacks had faster growth rates (30% wider
ring widths in the 30 year period prior to attack) and increased resin duct size (20% larger ducts
in surviving trees), and ponderosa pines in areas of reduced stand densities (through
experimental reduction treatments involving thinning and prescribed fire) exhibited increased
growth rates (2.4 x greater BAI in most recent five years of growth) and greater proportional
resin defenses (33% larger ducts in most recent five years and a near doubling in resin duct
production). Ferrenberg et al. (2014) also found an increase in resin duct size that corresponded
with increased growth rates for both limber pine (P. flexilis) and lodgepole pine trees in

Colorado. In another study in Crater Lake, Oregon, Perrakis et al. (2011) found that old
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ponderosa pine (> 200 years) that were assigned greater crown class vigor ratings exhibited
greater ring widths and higher overall resin flow four years after prescribed fire treatments.
However, not all studies support a correlation between increased growth rates and increased
resin-based defenses against bark beetle induced mortality. For instance, Kane and Kolb (2010)
found that while resin duct density and size were greater in ponderosa pine that survived beetle
attacks, growth rates between live and dead trees did not differ and growth metrics were not a
significant factor in mortality models, whereas resin duct density and size were the best
predictors for ponderosa pine mortality. Ferrenberg et al. (2014) found mixed results for
lodgepole pine and limber pine, with decreased growth rates associated with less robust resin
duct production for lodgepole pines that were killed by bark beetles (over a five-year period prior
to tree death), while limber pines killed by bark beetles exhibited greater growth rates and had
fewer resin duct structures (over the past 15-20 years prior to tree death), suggesting a trade-off
between resource allocation to growth and defense. Although it should be noted that studies that
assess growth rates utilize varying combinations of growth metrics, including ring widths, radial
growth rates, as well as basal area increments (BAI), over varying time periods (e.g., growth
over five, ten, and 20 years) which can complicate interpretation and cross-study comparisons
and highlights a need for standardization of methodologies relating to growth and defense
research.

While increased resin production may enhance a tree’s ability to survive and overcome
environmental stressors, the many complexities and high degree of variability in the production
of resin ducts and synthesis of resinous compounds complicate our ability to accurately quantify

these relationships, particularly in older trees (Baier et al. 2002, Rosner and Hannrup 2004,
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Gaylord et al. 2007, Kolb et al. 2007). The notable variability in carbon trade-offs between
growth and defense hinders our ability to make general assumptions and further highlights the

need for additional research across a range of species and geographic areas (Warren et al. 1999,

Baier et al. 2002, Gaylord et al. 2007, Wainhouse et al. 2009).

Chemical Composition and Variability of Oleoresin

Oleoresin acts as a mechanical defense by repelling or entrapping herbivores and as a
chemical defense, as oleoresin compounds contain diverse chemical assemblages, including
mixtures of terpenoids, which are collectively biosynthesized from five-carbon isoprene
compounds (Trapp and Croteau 2001, Mumm and Hilker 2006, Trowbridge 2014, Ferrenberg et
al. 2015). Key among these are diterpenes and diterpene acids, which influence viscosity and
adhesiveness, as well as volatile terpenes, such as monoterpenes and sesquiterpenes, which act as
solvents for transport of molecularly heavier non-volatile diterpenes (Phillips and Croteau 1999,
Franceschi et al. 2005, Schaller 2008). When exposed to the atmosphere, volatile terpenes
evaporate, resulting in an accumulation of semi-crystalline resin acids, which polymerize
(through oxidation) to form a physically hard barrier to insects and pathogens (Phillips and
Croteau 1999).

In general, production of defense structures, including preformed and wound-induced
resin ducts and oleoresin compounds, is slow (occurring over weeks to months to years) and
metabolically demanding, due to biological constraints of cell division and cell differentiation
(Moreira et al. 2014, Hood and Sala 2015). Such processes are also resource intensive and the
allocation of carbon to development of such features represents a net loss, as resin cannot be

reassimilated or further metabolized after formation (Franceschi et al. 2005, Moreira et al. 2014).
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However, other chemical compounds produced in various plant organs, such as water-soluble
phenolic compounds in xylem and cortical tissues, may be biosynthesized de novo through rapid
‘plastic’ change in the metabolism of secretory cells and reassimilated following damage
(Lewinsohn et al. 1991, Bonello et al. 2006, Salminen and Karonen 2011, Moreira et al. 2014).
These various compounds have interacting, complimenting properties against certain aspects of
the beetle-pathogen complex with terpenes and phenolics constituting the primary chemical
defense in temperate conifers (Smith 2000, Raffa et al. 2013). However, the diversity of specific
chemical compounds within each of these broad groupings is remarkable, with over 22,000
compounds having been described while many have yet to be recognized (Smith 2000,
Trowbridge 2014).

The specific role these secondary metabolites play in defense to herbivory and pathogens
is poorly understood for a wide variety of species and represents an area of active research
(Trowbridge 2014, Jamieson et al. 2017). For instance, terpene compounds have been shown to
disrupt nervous-systems and basic metabolic processes in many types of insects (Smith 2000,
Seybold et al. 2006, Trowbridge 2014) and some compounds, such as phytoecdysones (a type of
triterpene) are thought to mimic insect-molting hormones, which may disrupt the development
cycle of larva (Trowbridge 2014). Diterpenes have been found to inhibit fungal activity while
certain phenolics (e.g., stilbenes and phenylpropanoid) impede the synthesis of beetle
aggregation pheromones and tend to have strong anti-fungal properties, particularly for fungi
associated with bark beetles (Hayes and Strom 1994, Hammerbacher et al. 2013, Raffa 2014,

Raffa et al. 2017).
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Within the broader groupings of defensive chemical compounds monoterpenes are
common and abundant in conifers, particularly pines, and have been recognized as a key defense
to pathogens and insect activity due to their strong insecticidal properties (Smith 2000, Raffa et
al. 2017). Monoterpenes are primarily controlled by genes in the xylem tissue and include olefins
(alkene) compounds of hepane, undecane, a-pinene, B-pinene, 6-3-carene, sabinene, myrcene,
limonene, B-phellandrene, with various stereoisomers, such as (+)-a-pinene and (—)-o-pinene
(Lewinsohn et al. 1991, Smith 2000). Monoterpene synthase (cyclase) varies across species but
is generally greater in species with more organized resin-containing structures, such as pines, and
lower in species with less organized structures, including true firs and species of Cupressaceae,
such as western red cedar (Thuja plicata) and redwood (Sequoia sempervirens) (Lewinsohn et al.
1991). High concentrations of monoterpenes have been associated with increased tree survival
during beetle attacks, although monoterpene concentrations and diversity are widely variable
within and across species and may have little to no overlap for taxa within the same genera
(Zhao et al. 2010, Boone et al. 2011, Ferrenberg et al. 2017). For example, Ferrenberg et al.
(2017) compared monoterpenes across an elevational gradient of lodgepole pine, ponderosa pine,
and limber pine in the Colorado Rocky Mountains and found that overall concentrations were
greater in lodgepole pine followed by ponderosa pine with the lowest concentrations occurring in
limber pine (P. flexilis). In contrast, monoterpene diversity showed an opposite trend, with the
greatest diversity occurring in limber pine, followed by ponderosa pine and lodgepole pine
respectively. Within the sampled populations, inter-specific monoterpene composition and
abundance were greatest for lodgepole pine, followed by limber pine and then ponderosa pine

(Ferrenberg et al. 2017). The researchers also considered tree size, age, and growth rates and
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found mixed results, with monoterpene concentrations decreasing with increased size in
lodgepole pine but increasing with increased age and higher growth rates. No significant patterns
were found for tree properties and monoterpene concentration and diversity in ponderosa pine
and limber pine, however, all three pines exhibited reduced monoterpene concentrations at
higher elevations (Ferrenberg et al. 2017). Such incongruent results suggest that monoterpene
synthesis is controlled by multiple mechanisms that differ across species and varies in both time
and space. In addition, while certain properties of some chemical compounds are reasonably well
understood resin chemistry has also been found to change over short temporal windows (e.g.,
growing season) as well as over longer timescales in response to disturbance, edaphic changes,
or competitive interactions following successional trajectories (Campbell and Taylor 2007,
Trowbridge 2014, Ferrenberg et al. 2017). Monoterpene concentrations can also change as trees
age. For instance, the monoterpene myrcene and limonene have been shown to increase with
increasing age, while camphene, a-phellandrene, and gammaterpinene tend to be absent in young
trees but increase as the tree ages (Smith 2000). The complex interplay of these different factors
limits our ability to generalize chemical defenses and warrants species- and site-specific

examinations.

Insect-Pathogen-Climate Influences and Interactions

Physical and chemical defenses are heritable but are also shaped by complex biotic and
abiotic factors that can have significant impacts on host-pest relationships and on larger
ecosystem function across time and space (Trowbridge 2014). For instance, bark beetles
(Curculionidae, Scolytinae) have coevolved with host species and have developed complex

behaviors, whereby the insects will actively exploit certain monoterpenes as synergists or
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precursors in the synthesis of communication and location (e.g., aggregation and host-
identification) pheromones (Seybold et al. 2006). For example, mountain pine beetle
(Dendroctonus ponderosae) has been found to utilize the monoterpene (—)-a-pinene as a
precursor to the synthesis of their aggregation pheromone (—)-trans-verbenol, and the
monoterpene myrcene as a chemical catalyst in this process (Seybold et al. 2006, Raffa 2014,
Hood et al. 2016, Keeling 2016). f-myrcene and 6-3-carene have also been found to synergize
pheromone synthesis as well as increase host-attraction by increasing the flight response of
mountain pine beetle (Seybold et al. 2006, Borden et al. 2008). Similarly, adult mountain pine
beetles will exploit B-phellandrene to enhance host-recognition (Huber et al. 2000, Miller and
Borden 2000). However, certain monoterpenes may also act as attractants for bark beetle
predators or enhance predator response to bark beetle pheromones (Seybold et al. 2006). For
instance, Mizell et al. (1984) reported that increases in the monoterpenes a- and B-pinene
increased the flight response of the predaceous checkered beetle (Thanasimus dubius) to
aggregation pheromones produced by the southern pine beetle (D. frontalis) in P. taeda trees of
the southeastern U.S. Similarly, Erbilgin and Raffa (2001) found that (-)-a-pinene, (+)-a-pinene,
and 0-3-carene increased the flight response of 7. dubius in the Great Lakes Region of the U.S.
However, these relationships are highly complex, as Erbilgin and Raffa (2001) also found that
increased concentrations of the monoterpene f-myrcene interrupted the response of T dubius to
bark beetle pheromones, which highlights the delicate balance of monoterpene diversity, insect
ecology, and ecosystem function.

Bark beetles have a known symbiotic relationship with a variety of Ascomycota fungi,

including species in the genus Ophiostoma and Grosmannia that are vectored into trees during
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attack through highly specialized exoskeletal structures (mycangia) in the beetles (Six 2003,
Harrington 2005). These fungi play a complex role in catalyzing tree mortality by inhibiting
transport of water and nutrients through xylem and phloem tissues (Harrington 2005, Keefover-
Ring et al. 2016). The fungi further promote beetle establishment by breaking down cellulose
and lignin and creating extensive networks of mycelium, which the beetles actively utilize as a
food source to acquire various amino acids, vitamins, and nutrients (Beaver 1989, Six 2003,
2012). The beetle-pathogen complex has necessitated development of defensive compounds that
can collectively act against each of these agents separately and further increases the complexity
of resin chemistry. For instance, Keefover-Ring et al. (2016) found that ponderosa pine that were
inoculated with G. clavigera responded through a relatively rapid (within 17 days) increase in
concentrations of monoterpenes (22 x increase), sesquiterpenes (57 x increase), and diterpenes
(35 x increase), and that these responses were far less pronounced in trees that were
mechanically wounded without inoculation. Given these multifaceted, interacting relationships
determining the concentrations and diversity of monoterpenes for variety of native and naive
hosts is important in understanding insect ecology, yet this information is critically lacking for a
wide variety of species (Raffa et al. 2017).

In addition to the chemical composition of oleoresin, physical resin duct properties (such
as resin duct density and duct size) have been shown to have a significant influence on bark
beetle related tree mortality. For instance, in a study in northern Arizona, Kane and Kolb (2010)
found that ponderosa pine that survived drought and bark beetle attacks (primarily by Ips spp.)
produced more resin ducts (29-54% increase) with a greater overall duct density (30% increase),

duct width (13% increase) and relative duct area (51-66% increase) compared to trees that were
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killed. Similarly, Hood et al. (2015) showed that ponderosa pine that survived bark beetle attack
(primarily by Dendroctonus and Ips spp.) across Montana, Utah, Idaho, and Oregon produced
larger resin ducts (20% increase), had greater resin duct area per ring (24% increase) and
allocated more area to ducts (15% increase) compared to trees that were killed. Ferrenberg et al.
(2014) found more nuanced results among lodgepole and limber pines, whereby lodgepole pines
and limber pines had more resin ducts (21% and 18% respectively) over the most recent ten
years of growth compared to trees that died during bark beetle attack. In addition, lodgepole
pines had greater duct density per annual ring (8%) although this result was not statistically
significant, while surviving limber pines had greater duct density (37%) over the most recent ten-
year growth period. Interestingly, the researchers did not find any difference in resin duct size
between lodgepole pines that survived compared to those that died, while surviving limber pines
were found to have smaller resin ducts than trees that died. These results are somewhat
surprising as resin duct size has been shown to be an important factor in other studies, although
research has largely focused on lower elevation species, such as ponderosa pine, which
highlights the need to consider these variables across a range of different species and
environments.

Climate has also been shown to have significant influence on the development of
defensive structures and chemical compounds (Gaylord et al. 2013). Under drought scenarios,
increased stomatal closure can reduce carbon assimilation, which can reduce resource
availability for production of resin ducts and oleoresin compounds (Sala et al. 2010, Gaylord et
al. 2013). Several studies have analyzed resin flow as a surrogate for defense and observations

generally support reduced resin flow under drought conditions (Gaylord et al. 2007, Jactel et al.
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2012, Gaylord et al. 2013). However, resin flow is considerably variable within and across
species as viscosity is highly dependent upon air temperature, with increased viscosity occurring
under higher temperatures, and can thus exhibit substantial daily-to-seasonal variability (Gaylord
et al. 2007, Gaylord et al. 2013, Rodriguez-Garcia et al. 2014). This has led many researchers to
consider vertical resin ducts in the xylem as a proxy for defense, given their persistence and
broad correlation with resin production and storage of oleoresin compounds (Kane and Kolb
2010, Gaylord et al. 2013, Ferrenberg et al. 2014, Gaylord et al. 2015, Hood et al. 2015, Hood et
al. 2016). For instance, Gaylord et al. (2013) found that experimental 3-year drought reduced
both the size and density of resin ducts in pifion pine (which corresponded with increased
mortality), however, no treatment effect was detected on resin flow, which led the authors to
suggest that resin flow is highly compartmentalized within pinon pines and drawing inference
regarding tree-based defenses from isolated samples of resin flow should be avoided.

Drought has also been correlated with increased bark beetle activity that may amplify tree
mortality, although the magnitude of bark beetle activity can vary widely depending on intensity
and duration of the drought event, further highlighting the complex biotic and abiotic interactions
that can cumulatively influence defense properties over time and space (Mattson and Haack
1987, Jactel et al. 2012, Gaylord et al. 2013). In addition, the timing and variability of seasonal
changes in precipitation and temperature have been shown to influence resin duct development
(Wimmer and Grabner 1997, Vazquez-Gonzalez et al. 2021). For instance, in a study of climate,
tree growth, and resin duct production in Norway spruce (P. abies), Wimmer and Grabner (1997)
found that resin duct density increased during periods of above-average temperatures,

particularly from June to August, while production decreased during periods of above-average
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precipitation from May to July. This suggests a nuanced and complex relationship between
resource acquisition and allocation of carbon to resin-based defenses.

Abiotic disturbances are also an integral component in the development of defensive
features. For example, fire has been shown to have a measurable impact on the formation of
oleoresin and resin ducts and may potentially influence resin chemistry by altering nutrient
availability (Cannac et al. 2009, Perrakis et al. 2011, Hood et al. 2015, Hood et al. 2016). For
instance, Hood et al. (2015) found that total resin duct area increased by 80% one-year post-fire
for a site in Montana and by 87% two years after fire for a site in Utah, although the timing of
the response varied due to interannual variability in precipitation and temperature. This research
also showed that resin duct area decreased by 15% following fire cessation (due to fire
suppression) at sites in both Idaho and Oregon, suggesting that the absence of fire in fire-adapted
ecosystems may diminish resin defenses over time. In another study, Perrakis et al. (2011)
investigated resin flow four years following prescribed fire treatments of varying intensities (in
spring and fall burn operations) for old-growth ponderosa pine and found that resin flow
increased across burned trees, with a peak in resin flow two years after the prescribed fires. A
previous study in Cascade ponderosa pine (Perrakis 2008) compared resin flow across various
fire treatments (prescribed fire and bole charring) and mechanical fire-surrogate treatments
(crown pruning and root trenching) and found that resin flow only increased in the fire
treatments, suggesting that induced resin response may only be stimulated through fire-related
injuries or through cambial heating.

To contrast, in a series of experimental treatments using various combinations of thinning

and prescribed fire in ponderosa pine dominated forests of the northern Rocky Mountains, Hood
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et al. (2016) did not find any increase in resin duct properties (production, size, and area) or in
long-term (12 year) resin flow in a ‘prescribed fire only’ treatment. In addition, the researchers
observed decreased concentrations of monoterpenes (myrcene, (—)-a-pinene, 3-carene, and
terpinolene) compared to replicants of thinning and combined ‘thinning-and-burning’ treatments
(Hood et al. 2016). However, the authors note that fire season and the type of fire (e.g., low-
intensity prescribed fires) may have contributed to a lack of an induced resin response, as the
prescribed fire treatments were implemented in the late spring, whereas naturally occurring
wildfires in the northern Rockies tend to ignite under drier conditions in the late summer and
early fall that may increase intensity and stimulate production of resin defenses (Hood et al.
2016). In addition, resin chemistry has also been found to change with time since fire, which
could explain some of these differences (Campbell and Taylor 2007). In another study, Powell
and Raffa (2011) found that fire-induced injuries had a measurable impact on monoterpene
concentrations in both constitutive and induced phloem tissues. Regardless of the severity of
injury (low, moderate, or high) monoterpene concentrations throughout induced tissues were
reduced (by as much as half) while concentrations in constitutive tissues remained relatively
stable. The authors found a reduction in 4-allylanisole, which has been associated with inhibition
of bark beetle aggregation pheromones, in both constitutive and induced tissues, and a
simultaneous increase in (—)-a-pinene, which is a precursor for pheromone synthesis. This
suggests that fire-injured trees may be less chemically defended against subsequent bark beetle
colonization and that fire injuries may stimulate a chemically more favorable environment for
bark beetle success. However, reductions in the monoterpene f-myrcene could confound this

effect, as B-myrcene has been shown to synergize pheromone biosynthesis, which suggests that
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more research is needed to better understand these intricate processes. These seemingly nuanced
and contradictory results highlight the complexity of interacting physiological response to
disturbance interactions and environmental variability and illustrate a need for additional

analyses that consider such interactions across a range of species and environments.

Quantification and Analysis

Resin duct structures and oleoresin flow represent effective metrics for quantifying tree
defense and overall resilience to pathogens and insects (Stamp 2003, Gaylord et al. 2007, Kane
and Kolb 2010, Ferrenberg et al. 2014, Hood and Sala 2015, Hood et al. 2016). Research
suggests that carbon allocation to resin duct production may be better measures of vigor than
carbon allocation to radial growth, which can have significant impacts on tree survival during
disturbance events (Gaylord et al. 2007, Wainhouse et al. 2009, Kane and Kolb 2010, Ferrenberg
et al. 2014). However, methods for analyzing resin ducts and oleoresin production vary
substantially and there is a general lack of uniformity in researching this topic (Nagy et al. 2000,
Baier et al. 2002, Kane and Kolb 2010, Ferrenberg et al. 2014, Hood and Sala 2015). For
instance, some researchers have focused on vertical resin ducts in the xylem (Nagy et al. 2000,
Kane and Kolb 2010, Ferrenberg et al. 2014, Hood and Sala 2015, Hood et al. 2015, Hood et al.
2016) and radial resin ducts (Rodriguez-Garcia et al. 2014) while others have used resin ducts in
cortical tissues (Moreira et al. 2015) or in needles (Moreira et al. 2014, Moreira et al. 2016, Liu
et al. 2017b), with considerable variation in what properties are measured and analyzed (e.g.,
duct production, density, size, and area). Such inconsistencies in resin duct methodology
complicates efforts to draw conclusions across research. For example, work by Kane and Kolb

(2010) and Ferrenberg et al. (2014) compared resin duct properties and growth metrics between
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trees that survived and those that died following bark beetle attacks, however, their resin duct
metrics did not specifically account for ring area, which is a point argued by Hood and Sala
(2015) to develop a standard method for quantification of resin duct measures.

Analysis of resin duct structures and oleoresin flow can ultimately lead to a better
understanding of tree physiology and their numerous coping strategies in responding to
disturbance agents. However, relatively little research has been conducted given the numerous
types of resin ducts and the various physical and chemical properties associated with these
defense features, particularly as they relate to growth and defense characteristics (Warren et al.
1999, Wainhouse et al. 2009, Kane and Kolb 2010). Many researchers for instance have sought
to analyze vertical and radial resin ducts in the secondary xylem (Blanche et al. 1992, Wimmer
and Grabner 1997, Lombardero et al. 2000, Smith 2000, Baier et al. 2002, Rosner and Hannrup
2004) yet relatively little investigation has been conducted as to the nature of resin ducts
originating in secondary phloem tissue (Warren et al. 1999, Franceschi et al. 2000). Resin
systems within the phloem are fundamental in the initial defense of trees to insects and pathogen
attack as they contain many important phenolic compounds, which help mitigate spread of these
organisms (Klepzig et al. 1995, Franceschi et al. 2000, Baier et al. 2002). Similarly, only two
studies have looked to relate the chemical composition (e.g., monoterpene concentrations and
diversity) of oleoresin compounds with morphological characteristics of resin duct structures
(Hood et al. 2016, Mason et al. 2019). When considering the broad spectrum of species that
exhibit different strategies and priorities in the development of these types of primary defense
systems there is a great deal of opportunity to analyze these features to better understand their

overall function and variability among and within genera. In general, changes in the physical and
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chemical properties of resin ducts and oleoresin compounds relating to ontogeny and phenology
is poorly understood for a wide range of species and will require more nuanced research across a
broader range of habitats (Boege and Marquis 2005, Barton and Koricheva 2010, Muola et al.
2010, Ferrenberg et al. 2015).

Hood and Sala (2015) established an effective framework for the quantification of key
resin duct metrics in a study analyzing constitutive and induced resin response to simulated
disturbance. Specifically, the authors categorized vertical resin ducts in secondary xylem tissues
into standardized measures, where resin duct properties are related to growth rate and non-
standardized measures, where resin duct properties are measured independent of growth rate
(Table 1) (Hood and Sala 2015). Such a classification of key metrics for assessing resin-based
defenses can help unify methodologies relating to resin duct analysis and future research should
adopt this strategy to develop a more holistic view of the morphological characteristics of resin
duct defenses. In addition, various physical and environmental conditions have been shown to
influence resin duct formation and resin duct properties, including genetics, nutrient availability,
drought and seasonal changes in precipitation and temperature, disturbance, as well as tree
growth rates and herbivore pressures (Figure 1). Given the high degree of variability in analyzing
resin-based defenses future research should consider this suite of biotic and abiotic factors than

can influence resin-based defenses.
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Table 1. Metrics for quantifying vertical resin duct properties in secondary xylem tissues of
conifers. From Hood and Sala (2015).

Variable Type' Description

Duct Size (mm?) Unstandardized Mean size of all ducts per annual ring
Duct Production (no. year™) Unstandardized Total number of ducts per annual ring
Total Duct Area (mm? year™) Unstandardized Sum of duct area per annual ring

_ _ Total number of ducts per annual ring divided
Duct Density (no. mm? year™) Standardized .
by ring area’

Relative Duct Area (% annual ring) Standardized Total duct area divided by ring area® x 100

Type: Unstandardized — adjusted for growth rage; Standardized — unadjusted for growth rate.
2Ring Area: (ring width x core diameter).
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Figure 1. Conceptual diagram reflecting factors that can shape resin duct properties (broadly
categorized as duct size, area, production, and density). Note: Amorphous lines for Genetic
Variability are meant to highlight the considerable differences within and among species that can
shape heritable resin duct properties. Adopted from Ferrenberg et al. (2014).

Research Significance for Whitebark Pine

Whitebark pine (P. albicaulis) is a foundation species in the northern Rocky Mountains
that has been shown to influence soil hydrology, increase snowpack retention, and promote

vegetative establishment in subalpine settings (Keane and Arno 1993, Campbell and Antos 2000,
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Kendall and Keane 2000, Tomback and Kendall 2001, Kim et al. 2003, Bockino and Tinker
2012). Whitebark pine also serves as an important food source for grizzly bears and a host of
other wildlife (Arno and Hoff 1989, Tomback and Kendall 2001). However, there is growing
concern that whitebark pine may be largely extirpated from its current habitat over the next
century due to cumulative impacts of bark beetles, fire suppression, increased competition, and
the invasive pathogen white pine blister rust (Cronartium ribicola), which has already decimated
populations (by as much as 80%) in some areas (Keane and Arno 1993, Kendall and Keane
2000, Macfarlane et al. 2013). In addition, modeling efforts show that the species may be
significantly reduced in the Greater Yellowstone Ecosystem in the next century based on
changing habitat suitability (Chang et al. 2014). Given these collective biotic and abiotic
pressures there is a critical need to develop a more comprehensive assessment of growth and
defense characteristics relating to this important species.

In this context, Raffa et al. (2013) and Raffa et al. (2017) looked at the chemical
composition of oleoresin in both lodgepole pine (the native host for mountain pine beetle), as
well as whitebark pine (a naive host) to determine how bark beetles may interact with these
populations. The research found that whitebark pine is a chemically more suitable host than
lodgepole pine, which may exacerbate mortality under projected epidemic scenarios. For
instance, the researchers found that whitebark pine has thicker phloem on average compared to
lodgepole pine, which would make it more habitable for overwintering beetle populations.
Whitebark pine was found to have greater concentrations of the monoterpene (—)-a-pinene, a
precursor for pheromone biosynthesis (2.4 x increase), as well as myrcene and 6-3-carene, which

catalyze pheromone production (1.6 x and 2.1 x increase, respectively), and lower concentrations
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of the phenylpropanoid 4-allylanisole, which inhibits pheromone production (2.3 x decrease)
compared to lodgepole pine (Raffa et al. 2017). To contrast, lodgepole pines had greater overall
concentrations of monoterpenes in both constitutive and induced tissues and responded to
simulated attack by producing significantly more 4-allylanisole (3.8 x increase) to inhibit bark
beetle aggregation and less myrcene (0.56 x decrease), which catalyzes pheromone synthesis
(Hayes and Strom 1994, Raffa et al. 2017). Lodgepole pines also had greater concentrations of
nitrogen and calcium, which have been shown to be important minerals in signaling induced
defenses (Ranty et al. 2016, Raffa et al. 2017). Collectively, these findings suggest that
lodgepole pines have more thorough chemical defenses against mountain pine beetle while
whitebark pine are chemically more susceptible to successful bark beetle colonization, likely
resulting from a less continuous and more fragmented historic exposure of the naive host to this
disturbance (Raffa et al. 2013, Raffa et al. 2017). However, despite the chemical suitability of
whitebark pines for colonization, the researchers found that under endemic scenarios mountain
pine beetles will preferentially attack lodgepole pines, although this preference decreased with
increasing proportions of whitebark pine at the stand level (Raffa et al. 2013, Raffa et al. 2017).
This is likely attributable to the greater concentrations of the monoterpene -phellandrene in
lodgepole pines (2.6 x increase), which adult pine beetles exploit in host-recognition (Miller and
Borden 2000, Raffa et al. 2017).

The implications of increased susceptibility of whitebark pine to bark beetles is
concerning, given projections for enhanced bark beetle activity over the next several decades.
Temperature has been shown to exert a strong control on the regulation of life-cycle

development in mountain pine beetle populations. For instance, prolonged periods of



33

temperatures less than —40° C will kill nearly all (~99-100 %) of beetle populations, regardless
of developmental stage, whereas changes in climate that result in increased summer seasons and
decreased winter periods have well researched correlations with increased bark beetle activity, as
many species of these insects are able to reproduce for longer time periods under these warmer
conditions (Buotte et al. 2016, 2017). A key area of concern is an observed trend in increased
winter minimum temperatures, which is particularly pronounced in the northern Rocky
Mountains (Pederson et al. 2009, Pederson et al. 2011, Pederson et al. 2013) and which has been
correlated with recent, epidemic outbreaks (Williams and Liebhold 2002, Bentz et al. 2010).
Continued increases in winter temperatures has the potential to increase the climate suitability
for increased brood production, which could exacerbate tree mortality throughout the broader
range of whitebark pine over the next century (Chang et al. 2014, Buotte et al. 2016, 2017).

Increased temperatures in the winter combined with an earlier onset of spring have led to
decreased winter snowpack in the northern Rocky Mountains and a shift to longer and drier
summer seasons, which can amplify stress in trees (Westerling et al. 2006, Pederson et al. 2009,
Pederson et al. 2011, Pederson et al. 2013). This drought-induced stress can reduce tree
responsiveness and increase susceptibility to fire, insects and pathogens (Rigling et al. 2003,
Smith et al. 2005, Fettig et al. 2007, Maloney et al. 2008, Kane and Kolb 2010). Environmental
stressors in general reduce vigor, inhibit growth, and lead to premature mortality within older age
classes (Perrakis and Agee 2006). Mortality in these older cohorts of whitebark pine is
particularly concerning due to well-documented rates of high mortality in younger age classes as
a result of the rampant spread of white pine blister rust, which preferentially targets younger

trees and cone-bearing branches (Kim et al. 2003, Tomback and Achuff 2010).
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The overall pressures influencing whitebark pine mortality warrant special consideration
for this important species, yet relatively little research exists relating growth and defense
characteristics across a range of habitats. Understanding resin defense systems is of particular
importance in this regard as these advanced biochemical structures represent the primary defense
mechanism of whitebark pine to biotic disturbance. Knowledge of resin duct structures and
oleoresin production can provide valuable insight into overall defensibility of these trees to
damaging agents, which is especially important given the sensitivity of whitebark pine to
unforeseeable changes in disturbance regimes. In addition, linkage of morphological
characteristics of resin ducts with resin chemistry (e.g., monoterpene concentrations and

diversity) is an area of limited research and one that could benefit from future studies.



35

CHAPTER THREE

WHITEBARK PINE (PINUS ALBICAULIS) GROWTH AND DEFENSE IN RESPONSE TO

MOUNTAIN PINE BEETLE OUTBREAKS

Contribution of Authors and Co-Authors

Manuscript in Chapter 3

Author: Nickolas Earl Kichas

Contributions: Conceptualization, Investigation, Data production, Formal analyses,
Methodology, Visualization, Writing — original draft, Funding acquisition

Co-Author: Sharon M. Hood

Contributions: Investigation, Formal analyses, Methodology, Visualization, Resources, Writing —
review & editing

Co-Author: Gregory T. Pederson

Contributions: Investigation, Formal analyses, Methodology, Visualization, Resources, Writing —
review & editing

Co-Author: Richard G. Everett

Contributions: Project administration, Resources

Co-Author: David B. McWethy



36

Contributions: Investigation, Supervision, Funding acquisition, Writing — review & editing

Manuscript Information Page

Nickolas E. Kichas, Sharon M. Hood, Gregory T. Pederson, Richard G. Everett and

David B. McWethy
Forest Ecology & Management

Status of Manuscript:
Prepared for submission to a peer-reviewed journal
Officially submitted to a peer-reviewed journal
Accepted by a peer-reviewed journal
X _ Published in a peer-reviewed journal



37

Forest Ecology and Management 457 (2020) 117736

379
Contents lists available at ScienceDirect o

FOREST
ECOLOGY AND
ey

Forest Ecology and Management
‘! 2 .
journal homepage: www.elsevier.com/locate/foreco o

Whitebark pine (Pinus albicaulis) growth and defense in response to )

Chegk for

mountain pine beetle outbreaks e

Nickolas E. Kichas”, Sharon M. Hood", Gregory T. Pederson®, Richard G. Everett’,
David B. McWethy*®

® Montana State University, Bozeman, MT, United States

b U. S. Forest Service, Rocky Mountain Research Station, Missoula, MT, United States

“U.S. Geological Survey, Northern Rocky Mountain Science Center, Bozeman, MT, United States
4 Salish Kootenai College, Pablo, MT, United States

© Montana State University, Bozeman, MT, United States

ABSTRACT

Whitebark pine (Pinus albicaulis) is a critical forest species of Northern Rocky Mountain upper subalpine ecosystems, yet little is known about the physiological
response of whitebark pine to disturbance (e.g. fire, bark beetles, and pathogens) across a range of diverse environmental gradients. Resin-based defenses have long
been recognized as the primary mechanism by which conifers respond to attack by bark beetles and pathogens and several studies have linked resin duct properties to
survivorship during periods of increased beetle activity. However, to our knowledge, no studies have compared axial resin ducts in the secondary xylem of whitebark
pine across pairs of living and dead whitebark pine trees to better understand survivorship following multiple disturbances including mountain pine beetle and white
pine blister rust. We found a clear distinction in growth and defense characteristics between live and dead whitebark pine. Across our study sites on the Flathead
Indian Reservation in northwestern Montana, live whitebark pine produced larger resin ducts with a greater annual investment in resin-based defenses than
whitebark pine that died. Resin duct size, duct area, and relative duct area were all greater in live whitebark pine (by 56%, 48%, and 57%, respectively) and these
were the most important variables influencing whitebark pine survivorship. In contrast, whitebark pine that had died grew faster over time (22% larger ring widths)
than their live counterparts and also produced more resin duct structures (20% more ducts on average). Whitebark pine at our study sites exhibit differing strategies
in the allocation of resources toward growth and defense, with the majority of survivors of recent disturbance investing more in defensive structures than growth. Our
results support the idea that maintaining genetic variability and the associated suite of differing physiological traits promotes diverse response strategies to a complex
array of biophysical and biological stressors that might leave a species vulnerable to extinction across its range.

1. Introduction conditions, promoting additional vegetative growth through tree island
initiation (Tomback et al., 1993, Tomback et al., 2016). However, there
Whitebark pine (Pinus albicaulis) is a critical forest species of U.S. is growing concern that whitebark pine may be largely extirpated from
Northern Rocky Mountain subalpine ecosystems (Arno and Hoff, 1989, its current habitat over the next century due to cumulative impacts of
Keane, 2000, Tomback et al.,, 2001). Often dominating treeline, climate change, insect-related mortality, changing fire regimes, in-
whitebark pine is considered a keystone species, with high cultural and creased competition from shade-tolerant species, and the invasive
ecological significance (Cole, 1990, Mills and Doak, 1993, Tomback exotic pathogen white pine blister rust (Cronartium ribicola). These
et al., 2001). Whitebark pine is one of the few species that thrives at stressors, primarily blister rust, have already decimated populations (by
high altitudes (> 2000 masl) where they stabilize erosive slopes; pro- as much as 90%) in some areas of the Northern Rocky Mountains
mote snow accumulation; increase snowpack retention and effectively (Keane and Arno, 1993, Kendall and Keane, 2000, Macfarlane et al.,
modulate moisture loss in subalpine regions, influencing water avail- 2013, Shanahan et al., 2016, Amberson et al., 2018).
ability at lower elevations (Arno and Hoff, 1989, Tomback and Kendall, While insects, fire, disease, and secondary effects of drought (in-
2001, Bockino and Tinker, 2012). Whitebark pine seeds are highly cluding increased tree stress and predisposition to these disturbances)
nutritious and an important food source for several species of wildlife, have contributed to recent mortality of whitebark pine, these processes
including grizzly bears (Ursus arctos horribilis), black bears (U. amer- also play an important role in the long-term establishment and persis-
icanus), and a number of small mammals and birds. Seeds are pre- tence of Northern Rocky Mountain whitebark pine forests. However,
dominately dispersed by the Clark’s nutcracker (Nucifraga Columbiana), historical records detailing the relationship between disturbance and
often cached in disturbed areas, such as recently burned landscapes, whitebark pine ecosystem dynamics are particularly lacking. For ex-
where, if forgotten, the cached seeds germinate to become the white- ample, a metanalysis of paleoecological data suggest that the abun-
bark pine forests of tomorrow. Whitebark pine is an important pioneer dance of Pinus subgenus strobus, as inferred from pollen percentages,
species, as the hearty seedlings colonize areas and ameliorate site was greater (particularly at lower elevations) during the Holocene
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summer insolation maximum (~9 k.y.a.) when summer temperatures
were warmer, bark beetle activity was prevalent, and fire activity was
high in the Western U.S. (Iglesias et al., 2015). This research suggests a
possible complex interaction between temperature, fire, and the insect
dynamics that has developed over thousands of years and the need to
better understand how five needle pines (P. strobus subgenus) have
persisted in the past and will respond to multiple disturbances in the
future. Research is needed to better understand the physiological re-
sponse of whitebark pine to fire frequency and severity and beetle
outbreaks across a range of diverse environmental gradients. This is
especially true given that current species risk assessments for whitebark
pine rely on bioclimatic models that include little information on dis-
turbance processes and physiological adaptability of whitebark pine to
interactions and feedbacks between changing climatic and disturbance
regimes,

Better understanding how physiological characteristics of whitebark
pine (specifically the allocation of resources to growth and defense)
influence survival following the cumulative effects of fire, bark beetles,
and white pine blister rust would provide critical information to re-
source managers tasked with managing this keystone species. Across all
species of pine, research shows that during beetle attacks, even at peak
epidemic levels, there are mature individuals that remain uncolonized
by beetles, and that these resistant individuals may have different de-
fense traits (Strom et al., 2002, Hood et al., 2016). For example, Strom
et al. (2002) found oleoresin flow from progeny of mature loblolly pines
(P. taeda) that “escaped” mortality during an outbreak of southern pine
beetle (Dendroctonus frontalis) was higher compared to the general po-
pulation. Similarly, several studies have established the importance of
resin ducts as defense traits in ponderosa pine (P. ponderosae) and pinon
pine (P. edulis) (Kane and Kolb, 2010, Gaylord et al., 2013, Hood et al.,
2016). Survivorship of individuals within such diverse populations
suggests an intrinsic level of resistance that can be genetically passed on
to the survivors’ progeny (de la Mata et al., 2017, Six et al., 2018). This
is supported by research that shows that the capacity to produce de-
fensive features (such as resin ducts) and the composition of chemical
defenses (e.g. chemotypes) are under strong genetic control, resulting
from site-specific selective pressures that moderate growth and defense
relationships over time, although there is considerable variability in
this response within and across species (Hannrup et al., 2004, Rosner
and Hannrup, 2004, Moreira et al., 2014, Moreira et al.,, 2015,
Westbrook et al., 2015, Moreira et al., 2016).

Within conifers, resin-based defenses have long been recognized as
the primary mechanism by which trees respond to attack by bark
beetles and pathogens (Langenheim, 1994, Phillips and Croteau, 1999,
Trapp and Croteau, 2001, Franceschi et al., 2005, Keeling and
Bohlmann, 2006). Resin ducts are permanent anatomical features
within the secondary xylem and have been shown to correspond with
resin flow, such that greater total area of resin ducts facilitates in-
creased production, storage, and mobilization of oleoresin to sites of
wounding (Hood and Sala, 2015). As resin ducts are produced regularly
(typically every year to every few years), they can be measured, in
conjunction with tree rings, to assess resource allocation to growth and
defense over time. Several researchers have linked physical properties
of resin ducts to survivorship during periods of increased beetle activity
(Kane and Kolb, 2010, Ferrenberg et al., 2014, Hood and Sala, 2015,
Hood et al., 2015, Hood et al., 2016). For instance, in conifer forests of
northern Arizona, Kane and Kolb (2010) found that ponderosa pine that
persisted through drought and stand-level bark beetle activity produced
more resin ducts with a greater overall duct density and relative duct
area than trees that were killed. Ferrenberg et al. (2014) found that
lodgepole and limber pines in Colorado both produced more resin ducts
over the most recent ten years of growth compared to trees that died
during a bark beetle outbreak, while Hood et al. (2015) found that
ponderosa pine that survived beetle attacks in Montana produced larger
resin ducts with a greater relative area.

Drought and wildfire are also thought to influence the development
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of defensive traits. For example, fire has been shown to have a mea-
surable impact on the formation of resin ducts and oleoresin and may
potentially influence resin chemistry by altering nutrient availability
(Cannac et al., 2009, Perrakis et al., 2011, Powell and Raffa, 2011,
Hood et al., 2015, Hood et al., 2016). Further, under drought scenarios,
increased stomatal closure can reduce carbon assimilation, which can
reduce resource availability for the production of resin ducts and che-
mical compounds, which may predispose trees to insects and pathogens
(Gaylord et al., 2007, Six and Adams, 2007, Sala et al., 2010, Gaylord
et al.,, 2013). While fewer studies have investigated the impacts of
drought on resin duct characteristics, Gaylord et al. (2013) found that
an experimental three-year drought reduced both the size and density
of resin ducts in pifion pine. Wimmer and Grabner (1997) found that
Norway spruce (Picea abies) resin duct density increased during periods
of above-average temperatures while production decreased during
periods of above-average precipitation. This highlights complex re-
lationships between physiological processes and the influence of cli-
mate that is poorly explored for many tree species.

While physical and chemical defenses are critical for mediating
plant-herbivore-pathogen interactions, the production and proliferation
of defensive structures and chemical compounds is energetically ex-
pensive with high demand for relatively limited carbon resources
(Lewinsohn et al., 1991, Stamp, 2003, Moreira et al., 2014, Trowbridge,
2014). Given adequate resource availability, research suggests trees
will preferentially allocate resources toward primary production, in-
cluding diameter and height growth as well as development of leaves,
cones, and roots (Trowbridge, 2014, Jamieson et al., 2017). However,
in processes that are less well understood, trees simultaneously utilize
carbon reserves in the production of defensive features (e.g. resin ducts)
and secondary metabolites (e.g. terpenoids, alkaloids, and phenols) to
protect crucial tissues from damage by herbivory and pathogens
(Trowbridge, 2014, Jamieson et al., 2017). The divergent allocation of
resources towards biophysical processes moderating growth and de-
fense has long been thought to reflect an important tradeoff in plant
physiology and many hypotheses have been proposed to explain dif-
ferent patterns observed in nature and laboratory experiments (Herms
and Mattson, 1992, Stamp, 2003, Endara and Coley, 2011, Trowbridge,
2014).

Central to these hypotheses is the broader idea that resource allo-
cation towards defense enhances plant fitness and that inter- and intra-
specific variability can be explained by tradeoffs between growth and
defense, whereby external factors including resource availability,
abiotic stress, and pathogen/herbivore pressures all influence invest-
ment in defensive systems (Moreira et al., 2014, Trowbridge, 2014,
Ferrenberg et al., 2015, Jamieson et al., 2017). Numerous studies
looking to establish evidence for specific hypotheses have found that
they are not mutually exclusive and that the allocation of resources to
growth and defense depends on specific species and environmental
conditions (climate, topography, intra- and inter-specific competition,
trait heritability, and disturbance legacies) (Stamp, 2003, Trowbridge,
2014, Mason et al., 2019).

Currently, evaluation of growth and defense tradeoffs has focused
on relatively few species of limited size and age classes (Rosner and
Hannrup, 2004, Ferrenberg et al., 2015). To our knowledge, only one
other study (Mason et al., 2019) has considered such tradeoffs for
mature whitebark pine in natural settings and no studies have com-
pared axial resin ducts in the secondary xylem of whitebark pine across
pairs of living trees and trees that were killed by varying combinations
of mountain pine beetle (D. ponderosae) and white pine blister rust. In
this study, we evaluated whether diameter growth and structural
characteristics of resin ducts differed between live and dead whitebark
pine trees and whether trees that lived (hereafter “live trees”) and trees
that died (hereafter “dead trees”) responded similarly to climate. We
hypothesized that: H1) live whitebark pines would exhibit greater and
more sustained growth than dead whitebark pines during the overlap of
their lifespan, and H2) currently live whitebark pines would have
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increased resin duct defenses, specifically, increased resin duct size,
number, and cumulative area than whitebark pines that were killed by
disturbance. We anticipated that surviving individuals would have
more robust constitutive defenses and that there would be a detectable
difference in growth and defense anatomy compared to individuals that
have died. We also investigated whether seasonal climate had any in-
fluence on whitebark pine growth and defense, as other research has
shown strong influence of multiple disturbance interactions (e.g.,
drought and beetle attacks) acting on survivorship (Gaylord et al,
2013, Gaylord et al., 2015).

Our hypotheses are based on previous research which suggests that
vigorous trees (those with increased growth and thus increased pho-
tosynthetic capacity) can fix comparatively more carbon and are thus
able to allocate a greater ‘surplus’ of carbon annually to the develop-
ment of physical and chemical defenses (Ferrenberg et al., 2014, Hood
and Sala, 2015, Hood et al., 2016). However, not all research supports a
correlation between greater growth rates and increased defensive ca-
pacity in trees. For example, several studies suggest an opposite
strategy, whereby trees growing in resource-rich environments may
invest less in constitutive defenses (such as axial resin ducts) relative to
growth. It is argued that trees adopting this strategy rely more on in-
ducible defenses, which are synthesized de novo in response to attack or
injury and may thus allocate more annual carbon towards primary
production at the expense of defense (Ferrenberg et al., 2014, Moreira
et al., 2014, Moreira et al., 2015). These seemingly conflicting results
suggest that growth and defense strategies employed by trees are
complex and species specific, likely varying across habitat and onto-
geny. Thus, more research is needed to investigate these relationships
across a range of species and habitats.

The lack of empirical studies evaluating growth and defense theory
for high elevation pines that experience multiple, complex disturbance
stressors, highlights a need to better understand growth and defense
characteristics across a range of biophysical gradients. Understanding
resin defense systems is of particular importance in this regard as these
advanced biochemical structures represent the primary defense me-
chanism of whitebark pine to biotic disturbance. Evaluating relation-
ships between resin duct structures and oleoresin production and dis-
turbance can provide valuable insight into overall defensibility of these
trees to stressors that are projected to increasingly impact this im-
portant cultural and ecological species.

2. Methods
2.1. Site description

Data for this study were collected on two high-elevation whitebark
pine sites on the Flathead Indian Reservation during the summer of
2016 as part of a larger fire history reconstruction for the Confederated
Salish and Kootenai Tribes (CSKT; Fig. 1). We selected sites where
whitebark pine was an important component of the canopy (> 15%
canopy cover). Canopy species at both sites consist of lodgepole pine (P.
contorta var latifolia) and whitebark pine, with smaller components of
subalpine fir (Abies lasiocarpa) and Engelmann spruce (Picea en-
gelmannii). Herbaceous cover across both sites consists primarily of
grouse whortleberry (Vaccinium scoparium), common huckleberry (V.
membranaceum), dwarf huckleberry (V. cespitosum), bear grass (Xer-
ophyllum tenax), and smooth woodrush (Luzula hitchcockii). Menziesia
(Menziesia ferruginea) was also a sizable understory component at the
Boulder site (BLD) but was not found at the Three Lakes Peak site (3LK).
Evidence of disturbance legacies, including wildfires, insect and pa-
thogen outbreaks were common at both sites.

The 3LK site is located in the Reservation Divide Mountains between
the Flathead Indian Reservation and Missoula, Montana. Mean annual
temperatures at this location are generally cool, ranging from 2" to 5° C
with a 30- to 60-day frost-free period. Precipitation averages 1143 mm
per year, which occurs primarily as snowfall from November through
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Fig. 1. Three Lakes Peak (top) and Boulder (bottom) study sites on the Flathead
Indian Reservation in northwestern Montana. Permanent plots (“Demography
Plots”) were located on a 200m grid as part of a fire history study for the
Reservation. Plots cover approximately 100 ha at 3LK and 88 ha at BLD. Orange
plots (covering approximately 24 ha at each site) had suitable pairs of live/dead
whitebark pine trees (those that were closer than 20m and less than 3 ecm
difference in DBH). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

March. Soils at this site are from the Phillcher series and Halloway-
Waldbillig series and consist of gravelly ashy silt loams that are mod-
erately drained. Whitebark pine is a notable tree component at 3LK,
comprising 15% of all sampled individuals (225 out of 1507 trees). 3LK
is characterized by complex disturbance legacies, with evidence for
mixed- and low-severity fire regimes on southern and eastern aspects
and lethal fire regimes on northern and western aspects. The area has
also been affected by numerous large-scale bark beetle outbreaks, oc-
curring in the 1930s, 1960s-1980s and most recently 2002-2009 (Arno
and Hoff, 1989, Kipfmueller and Swetnam, 2002, Buotte et al., 2017,
van de Gevel et al., 2017). The majority of whitebark pine mortality at
this location was due to cumulative impacts from mountain pine beetle
and white pine blister rust, which was introduced to this region of the
Northern Rocky Mountains circa 1950 (Mielke, 1943, Samman et al.,
2003, Geils et al., 2010). Of the 225 sampled whitebark pine trees, 73%
were dead, with the majority of dead trees (88%) showing evidence of
beetle activity (J-shaped galleries along the tree stem and/or presence
of blue-stain fungi (Grosmannia clavigera), which is vectored by bark
beetles during colonization.

The BLD site is located approximately 74 km away in the Western
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Mission Mountains on the Eastern side of Flathead Lake. Mean annual
temperatures for this site are similar to 3LK, with average temperatures
ranging from 1 to 6 °C with a 20- to 70-day frost-free period. This area
receives slightly more precipitation than 3LK, with an average of
1397 mm annually, which occurs primarily as snowfall from November
through March. Soils at this site are of the Halloway series and consist
of gravelly silt loam that are also moderately drained. Whitebark pine
was more prominent at this site, comprising 36% of all sampled in-
dividuals (476 out of 1320 trees). Of these, 14% were live and 86%
were dead, the majority of which (71%) had evidence of bark beetle
activity. This area is characterized largely by mixed- and lethal-severity
fire regimes and had a similar recent history of bark beetle activity in
the 1930s, 1960s-1980s and 2002-2009 (Arno and Hoff, 1989,
Kipfmueller and Swetnam, 2002, Buotte et al., 2017, van de Gevel et al.,
2017). White pine blister rust was also evident at this site but was not as
extensive as at 3LK (unpub data).

2.2. Field sampling methods

A 200 m grid was overlain across each site using a combination of
remote sensing and field surveying for optimal placement (Fig. 1). The
sample grid was selected across whitebark pine stands ranging from
low- to high-severity fire regimes. This gridded sampling design effec-
tively captured much of the topographic and vegetative variability at
each of the sites, providing for a more accurate assessment of dis-
turbance legacies and microsite differences in forest structure and stand
composition. Within the 200 m grid, individual plots (hereafter “mac-
roplots”) were located 200 m apart along cardinal directions, with a
total of 38 plots for the 3LK site (covering approximately 100 ha) and
34 plots for the BLD site (covering approximately 88 ha; Fig. 1).

Each macroplot was spatially referenced with Garmin Rhino 650
GPS units and plot centers were permanently marked and tagged. From
the macroplot center, four 10 m wide, 100 m long belt transects were
established in each cardinal direction (north, south, east, and west)
(Fig. 2). The closest ten trees within each 100 m transect were sampled
(to a maximum distance of 100 m) with a diameter threshold of 15 cm
diameter at breast height (DBH) (Heyerdahl et al., 2014). Data collected
for each tree at each macroplot included species, condition (live or
dead), size (DBH), canopy base height, crown class (dominant, codo-
minant, intermediate, or suppressed), tree height, evidence of fire. We
collected increment cores from 40 sample trees per macroplot near the
base of each tree (at or below 15 cm from the root collar) using Haglof
4.3 mm diameter increment borers. A 25 m? (5.6 m diameter) was also
established around plot center, where all understory vegetation was
identified and estimates made for percent cover of all species (Fig. 2).

2.3. Live/dead tree pairing

To assess the influence of disturbance on whitebark pine physiology
(growth and defense characteristics) live trees and corresponding dead
trees (hereafter “pairs”) were identified from the macroplot data.
Suitable pairs were identified based on distance (< 20 m apart) and size
(< 3 cm difference DBH) to control for potential microsite differences
(Kane and Kolb, 2010, Hood and Sala, 2015). As a result of these
pairing criteria, only a subset of the macroplots contained suitable pairs
for this analysis (Fig. 1). Overall, 30 pairs were identified at the 3LK site
across 13 macroplots and 42 pairs were identified at the BLD site across
13 macroplots for a total of 144 sampled trees (72 live and 72 dead;
Fig. 1). It is important to note that our live trees did not exhibit any
signs of active bark beetle attack (such as pitch-tubes and canopy die-
back), so our investigation of resin duct characteristics between live and
dead whitebark pine trees relates to host-selection, rather than a post-
selection response in live trees.
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Fig. 2. Conceptual diagram of the plot sampling protocol. From plot center,
four 10 m wide belt transects were extended in each cardinal direction and the
closest 10 trees (> 15 cm DBH) in each transect were sampled (to a maximum
distance of 100 m). A 5.6 m diameter plot was established around plot center to
measure herbaceous vegetation. Coloring: Live trees (green); dead trees (grey);
sampled trees for fire history study (purple highlighting); live/dead pairs of

whitebark pine trees (red circles). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

2.4. Sample preparation

Increment cores were air-dried and processed using standard den-
drochronological techniques (Holmes et al., 1986, Cook and Kairiukstis,
1990, Stokes and Smiley, 1996). All ring widths were measured to the
nearest 0.001 mm using a Velmex measuring stage interfaced with the
recording software Measure J2X (Voortech_Consulting, 2005). Tree-
ring series were crossdated visually and graphically using ring-width
patterns and frost rings (LaMarche and Hirschboeck, 1984). Crossdating
was facilitated by developing site-specific chronologies from ring-width
measurements, which were statistically checked using COFECHA
(Holmes et al., 1986, Grissino-Mayer, 2001).

Individual tree cores were scanned at high resolution (1200 d.p.i.)
on an Epson V550 flatbed scanner and resin duct features were mea-
sured using the program ImageJ (version 1.46r, National Institutes of
Health, Bethesda, MD, USA). All resin ducts in the resulting image were
measured to the nearest 1 x 1077 mm? using the ellipse tool and the
calendar year in which they formed was documented. For defense
metrics, we followed the methods outlined by Hood and Sala (2015)
and collected measurements across five categories, including non-re-
lativized defense measures of resin duct size (mean size of all resin
ducts per annual ring; mm?), duct production (number of ducts
year '), and total duct area (sum of resin duct size: mm? year™ '), as
well as resin duct measures that have been relativized to ring area,
including duct density (number of resin ducts mm~? year ') and re-
lative duct area (% annual ring) (Kane and Kolb, 2010, Hood and Sala,
2015, Hood et al., 2016).

2.5. Data analysis

To assess possible tradeoffs in the allocation of carbon towards
growth and defense we evaluated relationships between resin duct
metrics and radial growth for live and dead trees (Kane and Kolb, 2010,
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Fig. 3. Example of increment cores from a pair of live (top) and dead (bottom)
whitebark pine. Trees were paired based on distance (< 20 m) and size (< 3 cm
difference in diameter at breast height). Growth and defense measures were
compared across all overlapping years, as well as 20-, 10-, and 5-year periods
(series of progressively shorter purple lines in the figure). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Ferrenberg et al.,, 2014, Hood and Sala, 2015). Following the methods
of (Kane and Kolb, 2010), we calculated growth and defense metrics
annually (for all overlapping years between live and dead trees), as well
as in 20-, 10-, and 5-year periods corresponding to the 20-, 10-, and 5-
year windows prior to mortality (Fig. 3). For growth measures, we
utilized ring area (ring width * core diameter) as well as a standardized,
unitless ring width index (RWI). The RWI was developed through in-
teractive detrending in the dplR package (version 1.64) (Bunn, 2008) in
R (version 3.31) (R_Development_Core_Team, 2008). For the RWI, each
tree-ring series was individually fit with a negative exponential curve or
a flexible spline with a frequency response of 75% the series length to
remove the geometric growth trend (Fritts, 1976). Each tree-ring series
was then divided by the fitted trend line, resulting in a standardized,
unitless ratio (index) of actual to expected values (Cook and Peters,
1997). Conservative detrending options were selected to preserve
multi-decadal variability within the ring-width series, as this was as-
sumed to reflect possible important climate and ecological interactions -
such as response to pests, pathogens, and stand dynamics that could
influence growth suppressions and releases. For the majority of ring
width series (87%) a negative exponential fit was selected, while a
spline model was selected for 13% of the records. We chose to use RWI
over basal area increment (BAI) because the assumptions of BAI are not
well-suited for growth dynamics of high-elevation whitebark pine
stands. For instance, some of the sampled whitebark pine were multi-
stemmed trees with fused trunks (a common feature due to whitebark
pine seed caching). The sampled stems had small DBH values, but ring
width series from the collected increment cores reflected growth in a
larger portion of the stem than we were able to measure (as we re-
trieved increment cores near the root collar), producing unrealistic BAI
values (Maher et al., 2018).

We used Wilcoxon’s paired t-tests to assess differences in growth and
defense between pairs of live and dead whitebark pine at each site
(Kane and Kolb, 2010) and applied a Bonferroni correction factor
(a = 0.05/4 = 0.0125) for all growth periods to account for multiple
comparisons across similar growth periods (e.g. mean growth for total,
20-, 10- and 5-year time periods). We utilized a combination of mul-
tivariate analyses of variance, correlation analyses and regression
analyses to examine relationships between annual radial growth (ring
area and growth index) and defense metrics (resin duct size, produc-
tion, area, density and relative area).

Next, we investigated the degree to which climate modulated
growth and defense in whitebark pine and whether there were detect-
able differences in the response of live and dead trees to seasonal
changes in climate. Estimates of local climate within the study areas
were obtained from the Parameter-elevation Regressions on
Independent Slopes Model (PRISM), as instrumental weather data were
not available at these sites (Daly et al., 1994, Kipfmueller and Salzer,
2010, Abatzoglou et al., 2017). PRISM data were obtained at a spatial
resolution of 4km using the AN version of the dataset (Abatzoglou
et al., 2017). We opted to use this version of the PRISM dataset because:
1) it is freely and publicly available, 2) it is reasonably accurate, given
the sparse network of instrumental stations across our broader study
region, and 3) it is a commonly utilized dataset for many den-
droecological studies, particularly in areas with complex topography
(Millar et al., 2007, Kipfmueller and Salzer, 2010, Guiterman et al.,
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2015, Hood et al., 2015, Carnwath and Nelson, 2016, Ferrenberg et al.,
2017, Slack et al., 2017, Cansler et al., 2018, Goeking and Izlar, 2018).
Using the treeclim package in R (version 2.0) (Zang and Biondi, 2015)
we developed 30-year moving correlation windows over two year time-
step intervals to assess the influence climate on growth and defense
metrics for live and dead trees. We grouped monthly climate data into
seasonal windows to evaluate the more nuanced response of trees to
seasonal variability. For instance, “winter” encompasses December
(from the previous year) through March, while “spring” includes April
and May, and “summer” is defined as June through August. Monthly
climate variables obtained for this analysis included average tempera-
ture, precipitation, and the Palmer Drought Severity z-Index (z-PDSI; a
measure of meteorological drought). Positive values in the z-PDSI
correspond to wet (non-drought) conditions while negative values
translate to drier (drought) periods. The z-PDSI metric contains no
built-in autocorrelation to carry moisture from season to season. Con-
sequently, this drought metric responds nearly instantaneously to pre-
cipitation (or lack thereof), making season-to-season moisture differ-
ences discernable, and better representing short-term and shallow soil
moisture conditions (Abatzoglou et al., 2017). We opted to use z-PDSI
as we were interested in how meteorological drought might influence
whitebark pine growth and resin duct development. z-PDSI data were
acquired using the WestWide Drought Tracker for the western Montana
climate division (Abatzoglou et al., 2017).

We assessed the strength of correlations between growth and de-
fense metrics and climate variables across the full record (1911-2004)
as well as across two time intervals: early 20th century (1911-1960)
and late 20th century (1961-2004). We hypothesized that increased
bark beetle activity post-1960 coupled with the introduction of blister
rust to the Flathead Indian Reservation around 1950 may have acted in
concert with climatic variability to increase whitebark pine mortality
across our sample areas in the latter 20th century. Thus, we evaluated
whether correlations between climatic conditions and growth and de-
fense metrics in the late 20th century would be different for dead
whitebark pine compared to live trees. For all climate and time series
analyses we established a minimum pair number (5 pairs = 10 trees) to
help constrain variability at either end of the time series, where sam-
pling depth was reduced.

Following methods of (Kane and Kolb, 2010) we developed a
whitebark pine probability of mortality model using logistic regression.
Live and dead whitebark pine were pooled across both sites yielding
144 samples (72 live and 72 dead). Mortality models were evaluated
using an information theoretic approach, whereby a variety of candi-
date models were initially developed from the suite of growth and de-
fense metrics and compared using Akaike’s Information Criterion (AIC).
We constructed ten models utilizing various combinations of growth
and defense metrics following a priori assumptions (e.g. that a combi-
nation of resin duct size and duct area would collectively influence
resin flow and may therefore be important variables influencing sur-
vivorship). Model parameters were limited to five variables or less and
growth variables for overlapping periods were excluded within any
given model to avoid issues of multicollinearity (e.g. 5-year ring area
and 10-year ring area). To assess which growth and defense variables
were most important in distinguishing between live and dead trees, we
also developed conditional density plots using our full dataset.

3. Results
3.1. Growth and defense between live and dead trees

Principle components analysis showed a clear distinction in past
growth and defense characteristics between live and dead whitebark
pine across all time periods (Figs. 4, S1). Resin duct size, duct area, duct
density and relative duct area were the most important variables con-
tributing to the first principle component (PC1), cumulatively de-
scribing 45.8% of variability within the data (Fig. 4). Growth (ring
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Fig. 4. Principal components analysis comparing growth and resin duct characteristics (production, size, area, density, relative area) for live and dead whitebark pine
(144 samples, 72 live, 72 dead). Ellipses are 95th percentile confidence intervals for each grouping (live — black; dead — red). Variables factor map (right panel)
illustrates the relative contribution of growth and defense metrics to the ordination. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 1
Age of live and dead whitebark pine at study locations on the Flathead Indian
Reservation.

3LK BLD

Live Dead Live Dead
Age (Range) 72-118 41-100 94-113 44-101
Age (Average) 98 = 1.9 75 3 105 + 0.9 77 = 1.9

Note: Majority of trees died during late 1960s-1990s and exhibited signs of
beetle activity (J-shaped galleries on tree bole and blue-staining in increment
cores). Overall trends in growth and defense metrics were similar at each site,
so the full suite of data was merged for analysis (n = 144 trees).

area) and resin duct production had the greatest contribution to PC2,
cumulatively describing an additional 28.9% of variability within the
data (74.7% total variability; Fig. 4) (Table 1).

Whitebark pine that had died had grown 22% faster (p-value <
0.0001) than living trees during the full record, although this pattern
was driven by earlier years (1911-1975; Figs. 5a, 6a). In the 20-years
preceding mortality, growth in whitebark that died declined by 26%
relative to live trees, especially post-1975 (Fig. 5a). Dead whitebark
pine also produced more resin ducts compared to live trees over the full
record (20% greater production; p-value < 0.0001; Figs. 5b, 6b). This
relationship declined (by 10%) in the 20-years preceding mortality,
with the greatest difference occurring during a small interval from
around 1990-2000 (Fig. 5b). However, despite producing more resin
duet structures on average, the resin ducts were smaller for dead
whitebark pine (56% smaller on average) compared to live trees (p-
value < 0.0001; Figs. 5c, 6¢). Similar to growth, duct size showed an
increasing trend post-1975, where duct size in live trees continued to
increase relative to dead trees (Fig. 5¢).

Resin duct area was also greater in live trees across the full record
(48% increase; p-value < 0.0001; Figs. 5d, 6d) and duct area showed a
similar post-1975 trend, with increasing area in live whitebark pines
relative to dead trees (Fig. 5d). In contrast, resin duct density was
greater in dead trees (18% greater; p-value = 0.0149; Figs. Se, 6e) and
post-1975, duct density continued to increase in dead whitebark pine
throughout the remainder of the record (Fig. 5e). Relative duct area (%
of annual ring occupied by resin ducts) was significantly greater in live
whitebark pines (57% increase; p-value < 0.0001; Figs. 5f, 6f, 7).
Unlike the other growth and defense metrics, there was no clear tem-
poral trend evident for relative duct area (Fig. 5f).

The two most significant metrics influencing tree survivorship were
resin duct size (mm?), and relative duct area (% of annual ring).
Whitebark pine trees that are able to produce larger resin ducts
(> 0.001 mm?) with greater overall duct area (> 10% annual ring) had

a significantly greater chance of survival (~80%; Fig. 8).

The best mortality model included resin duct size within the 5-years
prior to mortality and relative resin duct area across the full record (all
overlapping years of live/dead trees; Table S1). The top five best per-
forming mortality models all included relative duct area (for the full
record), highlighting the importance of this metric in differentiating
live and dead trees (Figs. 7, 8). The top performing models also in-
cluded a combination of resin duct size and duct area across the 5-year
and 10-year windows (Table S1). The only growth variable significant
in the top five models was growth in the 5-year window (RWI; Table
S1).

Resin duct production was positively correlated with radial growth
for both live and dead trees, indicating that increased growth corre-
sponds with increased resin duct production (R? = 0.36; p-value <
0.0001; Fig. S2). Duct area was also positively related to radial growth,
although this relationship was stronger for dead trees (live: R? = 0.16;
p-value = 0.0003/dead: R?> = 0.43; p-value < 0.0001). Duct size was
also positively related to growth in dead trees, though more weakly
(R? = 0.1; p-value = 0.0038) with no real relationship for live trees
(R® = 0.02; p-value = 0.1371; Fig. $2). For duct density, we found a
negative relationship with growth for both live (R*> = 0.21; p-value <
0.0001) and dead (R? = 0.05; p-value = 0.0351) trees (Fig. S2).

3.2. Influence of climate on growth and defense

We found differences in the response of live and dead whitebark
pine trees to climate across our study sites, particularly in the latter
20th century (Fig. 9, Table S2). Both live and dead trees responded
notably to the winter season (in particular winter precipitation and z-
PDSI). For instance, growth of live trees was negatively correlated with
winter precipitation (—0.41; p-value < 0.0001) and winter z-PDSI
(—0.38; p-value = 0.0002), with the strength of this relationship in-
creasing in the latter 20th century (Table S2; Figs. 9, 53). The negative
correlation of growth with positive values of z-PDSI indicates reduced
growth during wetter (non-drought) years. This response was much
greater in live trees, driven in part by a strengthening of these re-
lationships post-1960 for live trees and a simultaneous weakening of
these relationships for dead trees during the same time period (Table
S2; Figs. 9, 83). Similarly, duct production, duct size, and duct area
were negatively correlated with winter precipitation and z-PDSI for live
and dead trees, suggesting that during wetter winters whitebark pine
trees produced fewer and smaller resin ducts, with a reduction in total
resin duct area, although the overall strength of these correlations were
modest (Table S2; Figs. 9, 53). These relationships were also much
stronger for live trees, with a strengthening of these trends post-1960
and a simultaneous weakening of these relationships for dead trees in
the latter 20th century (Table S2; Figs. 9, 53).
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During the spring season, temperatures were positively correlated
with growth across both live (0.36; p-value = 0.0003) and dead (0.19;
p-value = 0.05) trees although this relationship was weak post-1960 for
dead trees (Table S2; Figs. 9, S4). Growth was negatively correlated
with spring z-PDSI for both live (—0.11; p-value = 0.312) and dead
(—0.26, p-value = 0.013) trees (such that wetter years were associated
with reduced growth), with the strength of this relationship declining in
the latter 20th century, particularly for live trees (Table S2; Figs. 9, S4).
Duct production, size, and area were also negatively correlated with
spring precipitation and z-PDSI for both live and dead trees, however,
this shifted to positive correlations for duct size/area in live whitebark
pine in the latter 20th century (Table S2, Figs. 9, S4). Duct area posi-
tively correlated with spring temperatures for live (0.24; p-
value = 0.019) and dead (0.14; p-value = 0.175) trees, although this
relationship faded for dead trees in the latter 20th century (Table S2;
Figs. 9, 54). This indicates that whitebark pine trees produced fewer
and smaller resin ducts, with a reduction in total duct area during
wetter spring seasons; however, these trends have weakened sub-
stantially post-1960, possibly due to an earlier onset of spring and
changing seasonality in the Northern Rocky Mountains over the past
several decades (Pederson et al., 2009, Pederson et al., 2011a, Pederson
et al., 2013).

We did not find any significant correlations for growth and summer
precipitation or summer z-PDSI in either our live or dead trees, al-
though there was a generally stronger relationship (increased growth
with increased moisture) in the early 20th century. Resin duct pro-
duction in live whitebark pine trees was negatively correlated with
summer precipitation (—0.26; p-value = 0.012) and summer z-PDSI
(—0.28; p-value = 0.006), such that wetter summers translated to re-
duced duct production. For dead trees, duct size and duct area corre-
lated negatively with summer precipitation and z-PDSI, whereby wetter
summers were associated with decreased duct size/area, although these

relationships were strongest in the early 20th century (Table S2, Fig. 9).

4. Discussion

Consistent with previous research (Kane and Kolb, 2010, Ferrenberg
et al., 2014, Hood et al., 2015), we found that live and dead trees ex-
hibited notably different growth and defense characteristics. In support
of our hypothesis (H2), live whitebark pine produced larger resin ducts
with a greater annual investment in resin-based defenses than the
whitebark pine that died. Over the entire time series, resin duct size,
duct area, and relative duct area were greater in live whitebark pine. In
contrast, and counter to our hypothesis (H1), whitebark pine that died
exhibited greater growth over the full time series than their live
counterparts and also produced more resin duct structures on average.
The increased growth was pronounced early in the record
(~1919-1975) and shifted notably after 1975, whereby growth de-
clined sharply. While those trees that died produced a greater number
of resin ducts on average and consistently had a higher density of resin
ducts across all time periods, the relative area of resin ducts was lower
than live trees at both sites (Figs. 5-7).

Resin duct size, duct area, and relative duct area were the most
important variables influencing whitebark pine survivorship (Fig. 8).
Trees producing larger ducts with a greater overall percentage of an-
nual carbon investment were far more likely to survive disturbance
events at each of the study sites (Figs. 7, 8). The presence of larger resin
ducts and greater overall resin duct area in live trees could be asso-
ciated with an increased capacity to mobilize oleoresin in response to
attack or infection and may be a factor in the ability of live trees to
endure numerous disturbance events over time. Although dead trees
produced more resin duct structures the ducts were smaller with less
overall area, which might have been insufficient to produce, store, and
mobilize adequate amounts of oleoresin in response to wounding by



44

N.E. Kichas, et al.

0.3 A
| p <0.0001
021
/ ’,f ‘ 1 [] Dead
a / \ [ Live
/ / N
o [ H =iy
/LK N \[l_'_
ol IR
2.5 5.0 7.5 10.0 12.5
Growth (mm)
1 C
3000
i p < 0.0007
2 2000{ |
vy |
2 7111
5 TS
8 1000 >p,ﬁ_! ﬁ:d‘
i T
LT HH
0.0005 0.0015 0.0025
Resin Duct Size (mm?)
2.0 I E
1.5 p=0.01499
10 L
0.5 \\‘T\ 1
0.0 . \F A O 00 ]

1 2 3
Resin Duct Density (no. mm™ year')

Forest Ecology and Management 457 (2020) 117736

B

p < 0.0001

.!‘ -\\\
4 13 8
Resin Duct Production (no. year')

600+ 0 L D
400- FANR p<0.0007
|
200+ y] |
Ji 7N [TH
/ N ([
o) EAMNIIRVRI-ATR. 0 |
0.000 0.005 0.010 0.015
Resin Duct Area (mm? year')
40-
F
304 [
AN p <0.0001

20- / *{{

‘il_thﬁj-—%w

0.05 0.10 0.15
Relative Duct Area (% Annual Ring)

Fig. 6. Kernel density plots for growth and defense metrics across pairs of live and dead whitebark pine. These plots visualize the distribution of samples (depicted as
vertical bars) over each continuous variable with a smoothing kernel (smooth lines with shading) applied to assist in visualization of the distributions. Reported p-
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bark beetles and blister rust infection (Hood and Sala, 2015). This re-
duced resin flow in dead trees could be linked to lowered defense and
higher mortality despite increased density of ducts, particularly in the
years leading up to death (Fig. 8).

Importantly, our results suggest that whitebark pine trees that invest
a relatively greater amount of resources into the production of con-
stitutive resin-based defenses have a higher probability of surviving
disturbance events. This parallels previous research on other conifers
(Kane and Kolb, 2010, Ferrenberg et al., 2014, Hood et al., 2015, Hood
et al., 2016). Hood and Sala (2015) found that faster growing pon-
derosa pine produced fewer but larger resin ducts. Similarly, Hood et al.
(2015) showed that ponderosa pine that survived bark beetle attack
produced larger resin ducts with greater duct area and relative duct
area compared to trees that were killed, while Kane and Kolb (2010)
reported that ponderosa pine that survived drought and escaped bark
beetle activity produced larger resin ducts with a greater relative duct
area than trees that died. Gaylord et al. (2015) found that surviving
pinon pine produced fewer annual resin ducts than trees that died but

these ducts were also larger with a greater relative duct area, similar to
our findings. Klay (2011) also found surviving pifion pines to have
larger resin ducts with greater relative area.

In contrast to our results, Kane and Kolb (2010) found that pon-
derosa pine that persisted through stand-level bark beetle activity
produced more resin ducts and had a greater density of resin ducts than
dead trees with no detectable difference in growth between live and
dead pairs. Similarly, Ferrenberg et al. (2014) found that surviving
lodgepole and limber pine both produced more resin ducts and had a
greater density of resin ducts than dead trees while surviving limber
pine also produced smaller resin ducts than their dead counterparts.
Additionally, while slower growth appeared to confer defense benefits
in our study, Gaylord et al. (2015) found that live trees exhibited faster
growth rates than dead trees. Kldy (2011) found that surviving pinon
pine produced more resin ducts with no detectable difference in duct
density between live and dead trees, whereas we found resin duct
density and numbers where comparable for live and dead whitebark
pine. However, it is important to note that our live whitebark pine trees
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figure legend, the reader is referred to the web version of this article.)

did not show any direct evidence of active bark beetle attack and thus,
our observations do not reflect a change in growth and defense re-
lationships post-selection. Rather, our results suggest a potential role of
growth and defense anatomy in relation to host-identification and host-
selection, whereby trees that produced larger resin ducts with a greater
annual investment in resin duct features (relative to growth) persisted
through stand-level bark beetle activity that resulted in high levels of
mortality across our study sites.

The positive relationship we found between radial growth and resin
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duct production (number of ducts and size of ducts) is consistent with
the idea that growth is positively related to duct number (Rigling et al.,
2003, Kane and Kolb, 2010, Ferrenberg et al., 2014, Hood and Sala,
2015, Westbrook et al.,, 2015) and size of resin ducts produced
(Ferrenberg et al., 2014, Hood and Sala, 2015). The positive correlation
of these defense metrics with increased radial growth suggests factors
(e.g. resource availability and climate) that control growth also mod-
ulate resin duct structures for both live and dead trees (Fig. S2) (Hood
and Sala, 2015, Huang et al., 2019, Mason et al., 2019). The higher
relative investment in defense we observed in live trees (increased duct
production, size, and area) could reflect a marginal tradeoff with
growth as a function of the nutrient-limited, high-elevation environ-
ments characteristic to whitebark pine. For instance, when growth is
constrained (by resource limitation) photosynthesis continues to pro-
duce carbon compounds and this ‘carbon surplus’ may then be allocated
toward resin-based defenses, as suggested by the growth-differentiation
balance hypothesis (Stamp, 2003). Alternatively, the live trees may
have survived due to more beneficial microsites and/or underlying
genetic differences that favor greater investment in resin-based de-
fenses relative to growth, even under resource limitation.

The negative relationship between resin duct density and radial
growth suggests that faster growing trees exhibit a lower overall in-
vestment of annual carbon into resin duct structures relative to xylem
(decreased duct density), despite producing larger resin ducts (Fig. 52)
(Kane and Kolb, 2010, Hood and Sala, 2015, Moreira et al., 2015). Our
results weakly suggest that slower growing trees invest a proportionally
greater amount of annual carbon into resin duct structures than struc-
tural carbon, highlighting possible increased value of defending critical
tissues in the resource-limited settings typical of whitebark pine forests,
as suggested by the resource allocation hypothesis (Endara and Coley,
2011) (Fig. 52). While our study was not designed to explicitly test
either the growth-differentiation balance or resource allocation hy-
potheses directly (Hahn and Maron, 2016), they do provide a valuable
framework within which we can evaluate growth and defense tradeoffs.
The positive relationship between growth and resin duct production,
yet negative relationship between growth and relative duct area,
highlight the need to utilize both standardized and non-standardized
resin duct metrics proposed by Hood and Sala (2015) to understand
how physiological tradeoffs influence survivorship under different se-
lective pressures.

4.1. Influence of climate on growth and defense

A negative relationship was found between winter precipitation and
drought conditions (winter z-PDSI) and tree growth and all resin duct
characteristics (Fig. 9). This was particularly true for live whitebark
pine trees. The strength of these correlations increased post-1960.
While the overall correlations are modest, they suggest that years with
abundant winter precipitation, and winter seasons preceded by short-
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term drought, could predispose whitebark pine to future mortality by
reducing their capacity to fix carbon, limiting subsequent investments
in both growth and defense. The modest, negative correlations between
reduced growth, defense, and winter precipitation could be a result of
increased snowpack, which would reduce photosynthetic activity into
the growing season, until the snowpack has ablated and temperatures
have increased sufficiently for photosynthesis (Wilson, 1964, Neuner
et al.,, 1999, Vaganov et al., 1999). When temperatures are low and the
soil is frozen, which is more likely at higher elevations, photosynthesis
is reduced and trees are at an increased risk of xylem cavitation (Sperry
and Robson, 2001, Sparks and Black, 2018). This could limit assimila-
tion by reducing water uptake and nutrient transport, delaying annual
growth and production of chemical defenses. These results highlight the
need to investigate how snowpack, temperature, and precipitation
might influence high-elevation conifers differently than low and mid
elevation conifers.

Seasonal changes in precipitation, temperature and short-term
drought during the spring and summer months was also weakly cor-
related with growth and defense metrics for both live and dead
whitebark pine, however, these results were more nuanced (Fig. 9;
Table S2). The strongest relationship was between spring temperatures
and growth (positive correlation) and was most pronounced for live
trees. In contrast, spring precipitation and z-PDSI (drought) showed a

10

weak negative correlation with growth, resin duct production, duct
size, and duct area. The strength of these relationships declined post-
1960 and even switched to positive, albeit not statistically significant,
correlations in live trees in the latter 20th century. Summer precipita-
tion weakly correlated with increased growth in live and dead trees in
the early 20th century, however, this relationship further declined in
the latter part of the record. These data weakly suggest a transition
from positively correlated growth in summer during the early 20th
century to positively correlated growth in spring in the latter part of the
record — a trend that may be related to shifts in late 20th century cli-
matic conditions. For instance, earlier snowpack melt and decreased
snowpack levels observed in the Northern Rocky Mountains over the
past century (Pederson et al., 2009, Pederson et al., 2011b, Pederson
et al., 2013) could facilitate earlier photosynthesis and carbon acqui-
sition in late winter/early spring.

The decoupling of climate relationships between live and dead trees
in the latter 20th century may also result from increasing stress from
cumulative impacts of mountain pine beetle and white pine blister rust,
whereby infected trees and trees targeted by beetles allocate as many
resources as possible to defense (evidenced by increased duct density)
despite the potential need to allocate resources to survive droughts and
fire (Table S2; Figs. S3, 54). It is likely that a combination of blister rust
(introduced to the Flathead region circa 1950) and/or endemic bark
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beetle activity (particularly pronounced from the 1960s to 1990s) im-
pacted dead trees. These stressors would have reduced their capacity to
fix carbon via photosynthesis due to crown reduction (in the case of
blister rust infection) and depleted carbon reserves in the formation of
defensive compounds during times of increased beetle pressure. High
incidence of blister rust on individuals found in this study indicate
white pine blister rust was a significant mortality agent at these sites.
These same events could have created favorable growing conditions for
the live trees (reduced competition and increased available sunlight)
facilitating increased growth and greater allocation of carbon to resin
defenses. This is supported by the observed temporal trends in growth
and defense metrics (Fig. 5) whereby growth, duct production, duct size
and duct area all decreased in dead trees in the latter 20th century
while duct density increased. Changes in the relationship between
growth and defense and climatic conditions over time also support the
idea that multiple disturbances combined to impact whitebark pine
individuals at our sites in the late 20th century as we detected a de-
coupling of growth and defense relationships with climate variables for
live and dead trees post-1960 (Figs. 53, S4). The potential shift in re-
sponse of tree growth and defense in the late 20th century highlights
the need for a more thorough investigation of potential physiological
responses of plants to dynamic disturbance/climate interactions that
have occurred over the past four to five decades.

5. Conclusions

The differences in growth and defense characteristics that we ob-
served between live and dead trees suggests that individuals within
whitebark pine stands exhibit genetic variability associated with a
range of physiological strategies. In the absence of disturbance, in-
dividuals that invest a greater amount of resources towards growth
relative to defense experience a fitness benefit allowing individuals to
more readily outcompete neighboring vegetation (Herms and Mattson,
1992, Stamp, 2003, Moreira et al., 2014, Moreira et al., 2015, Moreira
et al., 2016). Conversely, during periods of heightened insect activity a
greater investment in defensive features can increase the probability of
survival (Kane and Kolb, 2010, Ferrenberg et al., 2014, Hood and Sala,
2015, Hood et al., 2015, Hood et al., 2016). Within any given stand of
whitebark pine there will be individuals with differing physiological
strategies (e.g. those that invest more consistently in growth and those
with greater regular investments in defense). It is difficult to state
which strategies may yield the greatest benefit at any given time, as the
interacting disturbances shaping the evolution of whitebark pine are
dynamic in both space and time. This supports the well-established
premise that maintaining genetic variability in populations is essential
for species to persist through varying conditions, especially a species in
harsh, highly variable, and disturbance prone alpine environments (Six
et al., 2018).

Whitebark pine individuals within both of our sites appear to ex-
hibit differing strategies in the allocation of resources toward growth
and defense. Live trees that persisted through 20th century disturbance
events produced larger resin ducts with a greater overall annual duct
area relative to growth. In contrast, those trees that died invested more
into growth, at the expense of defense. Both strategies involve tradeoffs
that can confer fitness benefits under different circumstances. As de-
fensive features are energetically expensive to produce and maintain it
is difficult to generalize what strategies may be most appropriate under
what circumstances. This is an important point when considering con-
temporary breeding and planting programs, which have been identified
as major restoration initiatives in many jurisdictions (Sniezko, 2006,
Keane et al., 2012). Within these programs seedlings are traditionally
selected for based on growth-related characteristics with little con-
sideration for defensive physiology (White et al., 2007). Our results
lend insight into resin duct characteristics that may be beneficial to
increasing survivorship and promoting whitebark pine retention, which
is particularly important given the sensitivity of whitebark pine to
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unforeseeable changes in disturbance regimes.

It is becoming increasingly clear that genetic variability and specific
traits that are associated with this variability is often an emergent
property of the population of trees within a forest stand or landscape
yet the full implications for maintaining this variability under rapidly
changing biophysical conditions are perhaps not fully appreciated. This
is especially true for long-lived sessile species, which face numerous
selective pressures of varying frequency and intensity over their life-
time (de la Mata et al., 2017). The specific suite of interacting factors
influencing individuals are unique in space and time and work in
concert to increase genetic variability within and across populations
(Six et al., 2018). Whitebark pine forests have persisted for thousands of
years through dramatic changes to climate. The cumulative selective
forces acting upon them, such as insects, pathogens, and abiotic dis-
turbances, have likely resulted in the persistence of a broad suite of
physiological strategies with benefits under different conditions
(Dmitriew, 2011, Monro and Marshall, 2014, Six et al.,, 2018). Our
results further support the idea that maintaining genetic variability and
the traits associated with this variability may be critical for species that
experience a complex array of biophysical and biological stressors
across space and time. Thus, management prescriptions that focus on
favoring genotypes that may be the most fit under one set of conditions
may lead to heightened vulnerability under complex and difficult to
predict climate-disturbance feedbacks and interactions that forests will
experience into the future (de la Mata et al., 2017). This may be
especially true for forests in harsh, high-elevation settings. Hence, ex-
hibiting one strategy (growth or defense) for surviving an array of
stressors (fire, drought, disease) may undermine the capacity for
adaptive response to an uncertain future (Dmitriew, 2011, Monro and
Marshall, 2014). This observation highlights the need for forest re-
source managers to better understand how actions might support or
undermine genetic variability in forest systems. Specifically, managers
might support efforts that maintain genetic variability by: 1) allowing
for natural whitebark regeneration following disturbance, 2) limiting
post-disturbance impacts (e.g. salvage logging and/or post-fire treat-
ments that undermine natural regeneration, and 3) avoiding blanket
prescriptions that preselect for specific traits that may be advantageous
under certain conditions yet detrimental under (often unforeseen) fu-
ture conditions. For instance, while breeding for whitepine blister rust
resistant whitebark pine trees has been recognized as one of the pri-
mary objectives for expanding rust-resistant strains across management
areas, the focus on this one aspect of whitebark physiology may un-
dermine adaptability to other future stressors. For example, rust-re-
sistance may come at the expense of adequate resin duct defenses or
reduced growth, which could predispose future whitebark pine popu-
lations to unforeseeable shifts in disturbance dynamics. Ultimately,
natural resource managers should be cognizant of the capacity (often
not well understood) for the genetic variability in whitebark pine for-
ests to provide adaptive responses to complex disturbance, biophysical
and biological interactions, now and into the future.
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1. Introduction

Recent, large-scale tree mortality in the western U.S. resulting from
changes in climate, biotic stressors, and forest management practices
has led to concerns for many ecologically and culturally important
species (Mattson and Haack 1987, van Mantgem et al. 2004, van Man-
tgem and Stephenson 2007, Schwandt et al. 2010, Tomback and Achuff
2010, Roy et al. 2014). Given the ecological and economic implications
of large-scale mortality events, there is growing interest to better un-
derstand physiological strategies employed by trees in response to these
shifting disturbance regimes. However, identifying general trends is
complicated by the inherent complexity associated with tree defense
anatomy and chemistry, both of which vary across populations, in-
dividuals, and plant organs (Trowbridge 2014, Jamieson et al. 2017).
Large inter- and intra-specific variation in tree physiology and fluctu-
ating disturbance regimes complicates our ability to make generalized
assumptions (e.g., that tree mortality can be predicted based on a
particular suite of physiological attributes), which hinders development
of effective management solutions that account for complex species-
specific responses to biotic and abiotic processes.

Within conifers, resin-based defenses have long been recognized as a
primary defense mechanism against a variety of insects and pathogens
(Lewinsohn et al. 1991, Langenheim 1994, Phillips and Croteau 1999,
Trapp and Croteau 2001, Franceschi et al. 2005, Keeling and Bohlmann
2006). Oleoresin produced by trees contains complex mixtures of ter-
penoids (monoterpenes, sesquiterpenes and diterpenes) (Phillips and
Croteau 1999) that have numerous insecticidal and fungicidal properties
(Langenheim 1994, Raffa 2014, Trowbridge et al. 2016, Celedon and
Bohlmann 2019). Many of these compounds (e.g., monoterpenes) have
demonstrated linkages to insect behavior and physiology, from facili-
tating biosynthesis of communicative pheromones and influencing flight
orientation and/or host selection to disrupting the production of crucial
enzymes linked to insect growth and biological development (Seybold
et al. 2006, Borden et al. 2008, Raffa 2014, Celedon and Bohlmann
2019, Jones et al. 2019).

Resinous compounds are produced, stored, and mobilized within a
network of resin duct structures that are connected vertically and hor-
izontally throughout the tree, facilitating rapid mobilization of resins to
sites of injury or infection (Hood and Sala 2015, Celedon and Bohlmann
2019). Resin ducts are embedded within annual growth rings (secondary
xylem tissues), allowing retrospective quantification of tree carbon
allocation between growth and constitutive defenses (KKane and Kolb
2010, Ferrenberg et al. 2014, Ferrenberg et al. 2015, Hood and Sala
2015). Several studies have found relationships between resin duct
characteristics (e.g., number of ducts produced, duct size, area, density)
and increased probability of survival during bark beetle outbreaks (Kane
and Kolb 2010, Ferrenberg et al. 2014, Hood et al. 2015, Hood et al.
2016), drought (Gaylord et al. 2007, Gaylord et al. 2013, Gaylord et al.
2015), and wildfire (Hood et al. 2015, Hood et al. 2016, Slack et al.
2016, Sparks et al. 2017).

Resin duct anatomy is highly variable within and across species and
it is unclear as to which growth and defense characteristic(s) may in-
fluence survival under biotic and abiotic pressures. For instance, larger
resin ducts have been reported in ponderosa pine (Pinus ponderosa)
(Kane and Kolb 2010, Hood et al. 2015) and whitebark pine
(P. albicaulis) (Kichas et al. 2020) that persisted through beetle activity,
while the opposite (smaller resin ducts) was reported in surviving limber
pine (P. flexilis) (Ferrenberg et al. 2014). Zhao and Erbilgin (2019) re-
ported larger resin ducts for lodgepole pine (P. contorta var. latifolia) that
persisted through a bark beetle outbreak, while Ferrenberg et al. (2014)
did not detect any difference in duct size for surviving lodgepole. There
are also inconsistencies in the literature regarding other duct metrics.
For instance, Kichas et al. (2020) reported greater duct production and
duct density in whitebark pine that died during beetle outbreaks while
Kane and Kolb (2010) and Ferrenberg et al. (2014) reported greater
production and density in surviving ponderosa and limber pine. Tree
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growth is equally complex, with research demonstrating higher growth
in surviving trees relative to trees that died from bark beetle attack
(Ferrenberg et al. 2014, Hood et al. 2015), while other research has
found the opposite (greater relative growth in trees that died compared
to trees that survived) (Ferrenberg et al. 2014, Kichas et al. 2020) or no
trend at all (Kane and Kolb 2010). Such nuanced and species-specific
responses complicate our understanding of how these defensive fea-
tures function over diverse biogeographic gradients (Ferrenberg et al.
2014, Hood and Sala 2015, Kane et al. 2017, Kichas et al. 2020).

An important component influencing tree survival in the presence of
insect pressure is the chemical composition of the resin itself (Table S1)
(Duhl et al. 2013, Raffa 2014, Keefover-Ring et al. 2016), While many
species of conifers produce similar chemicals (e.g., a-pinene, limonene,
-myrcene), the relative composition and concentration of these com-
pounds vary considerably across taxa as well as with biological devel-
opment and local environment (Smith 2000, Moreira et al. 2014, Raffa
2014, Moreira et al. 2015, Moreira et al. 2016). This variability leads to
diverse and largely unknown interactions with insects and pathogens
that can facilitate significant change in forest composition and structure.
For instance, mountain pine beetle (Dendroctonus ponderosae) uses the
host monoterpene (—)-a-pinene as a precursor to the synthesis of its
aggregation pheromone (—)-trans-verbenol, (Pitman et al. 1968, Blom-
quist et al. 2010, Keeling 2016, Chiu et al. 2019) and  -myrcene and §-3-
carene as synergists of flying beetles’ attraction to (—)-trans-verbenol
(Seybold et al. 2006, Borden et al. 2008). However, numerous other
terpenes exhibit insecticidal and fungicidal properties. For instance,
&-limonene is highly toxic to insects, and the phenolic phenylpropanoid
4-allylanisole (aka estragole) inhibits attraction to pheromones (Hayes
and Strom 1994, Joseph et al. 2001, Hofstetter et al. 2005). Some of
these compounds (e.g., a-pinene and f -pinene) also serve as indirect
defenses by attracting parasitoids of bark colonizers (Mizell et al. 1984,
Erbilgin and Raffa 2001, Seybold et al. 2006). Along with monoterpenes,
sesquiterpenes represent a significant component of constitutive oleo-
resin, yet their ecological role(s) in bark beetle-conifer interactions is
unknown. Sesquiterpenes have been shown to be highly active in other,
unrelated systems (Prasifka et al. 2015, Zhang et al. 2015, Zhang et al.
2018, Zhao et al. 2020), and they may influence resin viscosity ([{eef-
over-Ring et al. 2016). However, there is cwrently no research
demonstrating the effects of sesquiterpenes on bark beetles or their
symbionts. Additionally, terpene diversity (a measure of relative
composition and abundance of compounds) may play an important role
in beetle-conifer interactions (Reid et al. 2017). A higher diversity of
compounds could theoretically provide trees with a greater phyto-
chemical arsenal in dealing with a variety of herbivores and pathogens.
However, it is unclear if there are any relationships between terpene
diversity, resin duct anatomy, and tree growth.

There are many interacting factors that could readily alter the
growth and defense strategies of trees. For instance, fire, drought, insect,
and pathogen activity have been found to influence defensive features
(resin flow, resin chemistry and resin duct anatomy) in conifers (Per-
rakis et al. 2011, Powell and Raffa 2011, Gaylord et al. 2015, Hood et al.
2015, Valor et al. 2017). Competition for resources has long been
recognized as an important factor mediating both growth and defense in
coniferous tree species (Coomes and Grubb 2000, Larocque et al, 2013)
and research has demonstrated increased diameter growth of remaining
trees in both natural and managed forest stands when near-tree
competition is reduced through various silviculture treatments (Keane
et al. 2007, Hood et al. 2016, Tepley et al. 2020). Yet, studies quanti-
fying the effects of competition on conifer defenses (duct anatomy and
resin chemistry) are surprisingly limited (Ormeno etal. 2007, Slack et al.
2017). Resin-based defenses are costly to manufacture and maintain,
and competition constrains cellular differentiation and biosynthesis of
secondary metabolites (Herms and Mattson 1992), altering allocation to
growth and defenses. In many ecosystems, biotic and abiotic distur-
bances drive forest structure and composition, creating a patchwork
mosaic of diverse species assemblages in various age classes (Baker
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2009). Western U.S. forests are prone to wildfire, insect herbivory and
pathogens, which can differentially modulate stand development
(Boone et al. 2013, de la Mata et al. 2017, Holtz and Schoettle 2018,
Howe et al. 2018). Competition within these forest stands likely in-
fluences how trees allocate resources between growth and investment in
physical and chemical defenses; however, this is an area of research that
is poorly explored. Indeed, we are aware of only three studies that have
investigated potential relationships between near-tree competition and
the anatomical (Slack et al. 2017) and chemical (Raffa and Berryman
1982, Ormeno et al. 2007) components of resin duct defenses.

Whitebark pine is a critical high-elevation species that provides
multiple ecological services within subalpine and alpine ecosystems
(Logan et al. 2010, Tomback et al. 2016a, Tomback et al. 2016b, Wagner
etal. 2018). However, there is growing concern that whitebark pine may
be largely extirpated from its current habitat over the next century due
to cumulative impacts of climate change, insect-related mortality,
changing fire regimes, increased competition from shade-tolerant spe-
cies, and the invasive exotic pathogen causing white pine blister rust
(Cronartium ribicola). These stressors, primarily blister rust, have greatly
reduced populations, by as much as 90% in some areas of the northern
Rocky Mountains (Keane and Arno 1993, Kendall and Keane 2000,
Shanahan et al. 2016, Amberson et al. 2018). In December 2020, the U.
S. Fish and Wildlife Service formally proposed whitebark pine as a
“threatened” species under the Endangered Species Act, which if
approved will require careful and adaptive management to sustain and
promote remaining populations. Better understanding the physiological
responses of whitebark pine to competition and disturbance could pro-
vide useful information for resource managers in developing conserva-
tion and restoration efforts. Some work has investigated the physical and
chemical defenses of whitebark pines in the Greater Yellowstone
Ecosystem (Raffa et al. 2013, Raffa et al. 2017, Mason et al. 2019), but
this represents only a portion of its overall range, precluding inference to
other forest types across a broader range of environments.

Lodgepole pine (Pinus contorta var. latifolia) is widely distributed
throughout western North America and sometimes co-occurs with
whitebark pine and other mountain conifers (Lotan and Critchfield
1990). In the Rocky Mountains, lodgepole pine grows in either mixed or
pure stands and is fire-adapted. Lodgepole pine has serotinous cones that
are held tightly together with resins and are released by heat from fire or
persistent hot dry conditions, after which its seeds are distributed by
wind (Anderson 2003). Although individual trees can be killed by fire,
the prolific release of seed following disturbance provides competitive
advantage, resulting in extensive distributions of dense lodgepole pine
forests. Lodgepole pine is also the primary host of mountain pine beetle
and experiences widespread mortality during outbreaks (Meddens et al.
2012).

We compared growth and resin duct structures between similarly
sized lodgepole pine, the most frequent host of mountain pine beetle
(Meddens et al. 2012), and whitebark pine, a historically less-exposed
host undergoing increased pressure with warming climate (Logan
et al. 2010) growing in close proximity within a disturbance-prone,
mixed-conifer forest in northwestern Montana. We analyzed tree
growth, resin duct morphology, and constitutive phloem chemistry to
investigate three questions: 1) Are there correlations among tree
growth, resin duct anatomy, and resin chemistry? 2) How do
constitutive resin chemistry and growth vs. defense relationships
compare between whitebark and lodgepole pine? 3) Does the
abundance and diversity of overstory and understory competition
influence resin chemistry for either species? For question 1, we
predicted H;) trees with greater growth rates and trees producing more
numerous and larger resin ducts would have higher concentrations (ug /
g of tissue) and diversity of mono- and sesqui- terpenes. We also pre-
dicted Hs3) trees with greater relative duct area (% annual ring allocated
to resin duct structures) would have greater concentrations and diversity
of mono- and sesqui- terpenes. For question 2, we hypothesized Hj)
whitebark produce a greater abundance of constitutive monoterpenes
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known to positively influence bark beetle behavior (such as a-pinene,
p-myrcene, and &-3-carene) whereas lodgepole produce a greater
abundance of compounds known to influence host-recognition (princi-
pally p-phellandrene, which has been found to be a primary compound
that mountain pine beetle utilize in its selection of host trees (Huber
et al. 2000, Miller and Borden 2000)). We also predicted H4) lodgepole
pine has greater relative growth rates than whitebark pine and produces
larger resin ducts with a greater annual investment in resin duct struc-
tures (increased relative duct area). We suspect that beetle preference
for lodgepole pine has selected for more robust constitutive defenses
than whitebark pine and that this combination of increased growth and
favorable duct anatomy will correspond with a greater abundance and
diversity of mono- and sesqui- terpenes compared to whitebark pine. For
question 3, we predicted Hs) increased competition (greater abundance
and diversity of neighboring overstory and understory vegetation) re-
sults in decreased concentrations and diversity of mono- and sesqui-
terpenes. We expect that moderately dense, mixed-conifer forest stands
of relatively young age comprise a nitrogen-limited system, and as
competition increases nutrient availability declines, limiting overall
production of primary and secondary metabolites.

2. Methods
2.1. Site description

Data were collected at a high-elevation site on the western slopes of
the Mission Range on the Flathead Indian Reservation during the sum-
mers of 2016 and 2017 as part of a larger fire-history reconstruction for
the Confederated Salish and Kootenai Tribes (CSKT; Fig. 1) (Kichas et al.
2020). The study site is located at approximately latitude: 47.776026,
longitude: —113.971389, with an average elevation of 1,916 m. Over-
story species include whitebark pine and lodgepole pine, with smaller
components of subalpine fir (Abies lasiocarpa) and Engelmann spruce
(Picea engelmannii). Understory species consist primarily of grouse
whortleberry (Vaccinium scoparium), common huckleberry
(V. membranaceum), dwarf huckleberry (V. cespitosum), bear grass
(Xerophyllum tenax), smooth woodrush (Luzula hitchcockii) and menzie-
sia (Menziesia ferruginea). Mean annual temperatures at the site are
generally cool, with average temperatures ranging from 1° to 6° Cwith a
20- to 70-day frost-free period. Annual precipitation averages 140 cm,
which occurs primarily as snowfall from November to March. Soils are of
the Halloway series, consisting of gravelly silt loam and are moderately
drained. Lodgepole pine and whitebark pine are codominant at this site,
with lodgepole pine comprising 39% of sampled trees (519 of 1320
trees) and whitebark pine representing 36% of surveyed individuals
(476 of 1320 trees). The remaining 25% consists of subalpine fir (187
trees; 14%), Engelmann spruce (126 trees; 10%), western larch (Larix
occidentalis; 9 trees; <1%) and Douglas-fir (Pseudotsuga menziesii; 4 trees;
<1%). Mortality is also prevalent, with approximately 86% of whitebark
trees and 45% of lodgepole pine trees sampled for the fire history study
being dead with evidence of bark beetle activity (such as blue staining in
retrieved increment cores and/or bark beetle galleries on the bole of
sampled individuals). Evidence of disturbance legacies, including
wildfires and insect / pathogen outbreaks are common across the sample
plots. The broader region has a recent history of documented bark beetle
activity in the 1930s, 1960s-1980s and 2002-2009 (Arno and Hoff
1989, Kipfmueller and Swetnam 2002, Buotte et al. 2017, van de Gevel
et al. 2017). This portion of the Mission Range is also characterized by
mixed- and lethal-severity fire regimes, resulting in a complex mosaic of
establishment (CSKT 2000, 2007). White pine blister rust is evident,
having been introduced to this region of the Rocky Mountains circa 1950
(Samman et al. 2003, Geils et al. 2010).

2.2. Field sampling

As part of the CSKT fire-history reconstruction project, a 200 m grid
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Fig. 1. Map of sampled trees: 30 whitebark pine (white) and 30 lodgepole pine (orange) from a high elevation, mixed-conifer stand in the Mission Range (—~4.5 km
east of Flathead Lake) on the Flathead Indian Reservation in northwestern Montana. Yellow triangles indicate permanent demography plots that were established in
2016 as part of a larger fire-history study for the Confederated Salish and Kootenai Tribes. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

was overlain across the study area using a combination of remote
sensing and field surveying for optimal placement (Fig. 1). This gridded
sampling design captured much of the topographic and vegetative
variability across the site, providing for an accurate assessment of
disturbance legacies and microsite differences in forest structure and
stand composition. Within the 200 m grid, individual plots (hereafter
“macroplots™) were located 200 m apart with a total of 34 plots,
covering approximately 88 ha (Fig. 1).

Each macroplot was spatially referenced and plot centers were
permanently marked and tagged. From the macroplot center, four 10 m
wide, 100 m long belt transects were established in each cardinal di-
rection (north, south, east, and west; Fig. S1). The closest ten trees
within each 100 m transect were sampled (to a maximum distance of
100 m) with a diameter threshold of 15 em diameter at breast height
(DBH) (Heyerdahl et al., 2014). Data collected for each tree at each
macroplot included species, condition (live or dead), DBH, canopy base
height, crown class (dominant, codominant, intermediate, or sup-
pressed), tree height, and evidence of fire. We collected increment cores
from 40 sample trees per macroplot near the base of each tree (at or
below 15 em from the root collar) using Haglof 4.3 mm diameter
increment borers. A 25 m? circular microplot was also established
around plot center to estimate percent cover of understory species
(Fig. 81).

2.3. Field sampling — Terpene composition

From the larger sample of stand-level demographic data, we identi-
fied 30 pairs of live whitebark and lodgepole pines for this analysis. To

control for microsite variability and visible differences in ontogeny we
paired trees based on size (+3 cm DBH) and distance (<15 m apart). In
June 2018, individual trees were relocated in the field, across the pre-
viously established macroplots. To assess the potential influence of
overstory competition on constitutive resin chemistry, we recorded
additional information, including species and DBH for all live and dead
trees (>1 cm DBH) within five meters of each subject and for all trees
(>5 cm DBH) to a distance of ten meters (Fig. $2). For understory
competition, we identified species and estimated percent cover within a
5.6 m diameter microplot around each subject tree. We collected phloem
tissue of approximately 1.5 cm width and 5 cm length for all 60 in-
dividuals. Tissue samples were immediately placed in glass vials on dry
ice and were transported to Montana State University for storage in a
—-80° C freezer within 24 h of collection. After the phloem tissues were
collected, we retrieved one additional increment core at DBH using 4.3
mm diameter borers within approximately 5 cm from the phloem sam-
pling location.

2.4. Increment core analysis

Increment cores were air-dried and processed using standard
dendrochronological techniques (Stokes and Smiley 1996). We
measured ring widths to the nearest 0.001 mm using a Velmex
measuring stage interfaced with the recording software Measure J2X
(Voortech Consulting 2005). We crossdated tree ring series visually and
graphically using ring-width patterns and frost rings (LaMarche and
Hirschboeck 1984). Crossdating was facilitated using site-specific
chronologies from ring-width measurements, which were compiled as
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part of a previous study (Kichas et al. 2020) and statistically checked
using COFECHA (Holmes et al. 1986, Grissino-Mayer 2001).

Individual tree cores were scanned at high resolution (1200 d.p.i.) on
an Epson V550 flatbed scanner and resin duct features were measured
using the program ImageJ (version 1.46r, National Institutes of Health,
Bethesda, MD, USA). All resin ducts were measured to the nearest 1 x
10”7 mm?® using the ellipse tool and the calendar year in which they
formed was documented. For defense metrics we followed the methods
outlined by Hood and Sala (2015) and collected five measurements,
including three non-standardized measures of resin duct size (mean size
of all resin ducts per annual ring; mmz), duct production (number of
ducts yeal'_1), and total duct area (sum of resin duct size: mm? year_'),
and two measures standardized to tree growth, duct density (number of
resin ducts mm > yeal”l) and relative duct area (% annual ring).

2.5. Analysis of monoterpenes and sesquiterpenes

Following the methods of Trowbridge et al. (2019), phloem tissues
were finely chopped (exact weights between ~ 0.2 and 0.3 g) and placed
into 2-mL glass vials along with 1 mL of GC-grade n-hexane (Fisher
Scientific) containing 0.1 uL mL-1 (4)-fenchone (Sigma-Aldrich) as an
internal standard. Samples were then agitated for 24 h, after which 100
pL of the solution from each sample was transferred into micro-inserts in
small mouth clear GC vials and capped with PTFE liners (Alltech Asso-
ciates, Deerfield, IL). Chemical analysis was then performed using gas
chromatography-mass spectrometry (GC-MS). Monoterpenes and ses-
quiterpenes were identified by comparing retention times of known
standards and mass spectra using the NIST library and MSD Chemstation
software. Concentrations for each compound were calculated using five-
point calibration curves with injections of known amounts of pure
standards and the internal standard, fenchone. When pure standards
were unavailable, standard curves for (-)-a-pinene, terpinolene, bornyl
acetate, and caryophyllene were used for monoterpenes, oxygenated
monoterpenes, monoterpene esters and sesquiterpenes, respectively. For
unidentified compounds, putative NIST IDs were used when match
quality was greater than 80.

2.6, Data analysis

All analyses were conducted using R (v. 3.5.0) (R Development Core
Team 2008). We used Wilcoxson paired t-tests, linear regression, cor-
relation, and multivariate analyses of variance to investigate relation-
ships in growth and defense anatomy, as well as constitutive resin
chemistry, across lodgepole and whitebark pine pairs. We evaluated
significance using one-tailed tests for a priori expectations described in
the Introduction (e.g., higher concentrations of terpenes, greater duct
size, greater duct production, etc.) and two-tailed tests for all other tests
using o = 0.05.

It is currently unclear how long resin ducts in conifers remain bio-
logically active and contribute to constitutive and induced resin chem-
istry (Trapp and Croteau 2001). As such, we measured growth and
defense metrics over the full record (1914-2018) as well as over the
most recent 20-years (1998-2018), and 5-years (2013-2018) prior to
sampling. We applied a Bonferroni correction factor (¢ = 0.05/3 =
0.017) for all growth periods to account for multiple comparisons across
similar growth intervals. From the raw tree ring width data we used the
dplR package (v. 1.7.1) (Bunn 2008) to calculate cross-sectional basal
area increments (BAI; mm? year ) as an approximate indicator of
volumetric growth over time (Biondi and Qeadan 2008).

For mono- and sesqui- terpenes, we standardized concentrations by
phloem mass (g) to calculate absolute concentration (pg / g phloem) for
each compound. We then summed the concentrations for all identified
compounds to obtain total concentration (41 identified monoterpenes
and 39 identified sesquiterpenes). For individual compounds, we
calculated the relative concentration of each as percent of the total
concentration. A one-way Welch’s ANOVA was used to test for a species
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effect on total mono- and sesqui- terpenes, followed by a Tukey’s honest
significant difference test (HSD) post-hoc to identify pairwise differences
between species. Due to non-normally distributed data, mono- and
sesqui- terpene amounts were either square root or log-transformed for
these analyses. Mono- and sesqui- terpene diversity was calculated as the
Shannon diversity index (H'), a measure of within-sample diversity. We
also used non-metric multidimensional scaling (NMDS) to explore
mono- and sesqui- terpene dissimilarity between the two species ([{enlkel
and Orloci 1986, Dixon 2003). Dissimilarity for the NMDS ordination
was calculated using the betadisper function in the vegan package (v.
2.5-6) in R (Dixon 2003).

To assess the role of competition we summed basal area (mz) for each
species of competitor and for all trees sampled around each focal tree to
a maximum distance of 10 m (Fig. $S2). From these data we calculated
stand density index (SDI) (Reineke 1933) for each tree and developed
generalized linear models to assess whether local competition and/or
canopy position, influence constitutive levels of mono- and sesqui- ter-
penes and/or growth and resin duct anatomy. All models were
compared using Akaike information criterion (AIC) (Burnham et al.
2010).

3. Results
3.1. Relationship between constitutive resin chemistry and resin ducts

Whitebark and lodgepole pines at our study site were similar in terms
of size (diameter and height), age, and growth (Table 1). In general, tree
size, tree growth, and resin duct properties correlated poorly with
constitutive mono- and sesqui- terpenes in both species. However, across
the full time-series (1914-2018) resin duct area was positively corre-
lated with monoterpenes (r = 0.44, p = 0.0152) and sesquiterpenes (r =
0.44, p = 0.0150) in whitebark pine only (Table 2). This held true for
whitebark pine duct area and sesquiterpenes over the 20-years prior to
sampling (r = 0.48, p = 0.0079) but not over the 5-years prior to sam-
pling (Table S2). Whitebark pine resin duct size also tended to be
correlated positively with sesquiterpenes across the full record (r = 0.41,
p=0.0127; Table 2) and over the 20-years prior to sampling (r = 0.45,p
= 0.0069) but not over the 5-years prior to sampling (Table S2).

Resin duct production was positively correlated with monoterpenes
in whitebark pine (r = 0.43, p = 0.0095) across the full time-series but
showed no relationship in lodgepole pine (Table 2). We did not detect
relationships between constitutive mono- and sesqui- terpenes and resin
duct density, relative duct area, growth (BAI), or tree size (DBH) for
either species (Table 2).

3.2. Chemical composition of constitutive resin in trees

Whitebark pine contained 31% greater abundance (ug / g of sample
tissue) of constitutive monoterpenes (p = 0.0193; Fig. 2A) and 68%

Table 1

Mensuration data (mean + S.E.) for 30 whitebark pine (P. albicaulis) and 30
lodgepole pine (P, contorta var. latifolia) sampled at a high elevation montane
site on the Flathead Indian Reservation in northwestern Montana.

Pinus albicaulis Pinus contorta

Age (years) 92,2 (£2.11) 88.0 (£1.78)
DBH (cm) 24.2 (£0.81) 24.5 (£0.84)
Height (m) 20.2 (+1.31) 21 (+1.3)

Live Crown Ratio (%) 73 (+£0.02) 74 (+£0.02)
Aspect (%) 188.5 (+£13.02) 177.1 (£12.48)

BAI (cm2 year’l)

Duct Production (no. year™ D)

Duct Size (mm?)

Duct Area (mm? ycar_')

Duct Density (no. mm 2 year™ 1)
Relative Duct Area (% annual ring)

523.7 (£50.11)
3.2 (£0.16)
0.021 (+£0.001)
0.038 (£0.002)
0.85 (£0.1)
0.92 (£0.05)

186.7 (+£12.55)
2.9 (£0.1)
0.024 (+0.001)
0.039 (£0.002)
0.78 (+£0.08)
1.03 (£0.06)

Note: DBH = diameter at breast height; BAI = basal area increment
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Table 2

Spearman correlation coefficients of mono- and sesqui- terpene concentrations
(ng / g fresh weight) with tree ring growth and resin duct anatomical mea-
surements in whitebark (P. albicaulis) and lodgepole pine (P. contorta var. lat-
ifolia). Correlations were conducted on metrics averaged over the full time series
(1914-2018).

Monoterpenes Sesquiterpenes

Pinus Pinus Pinus Pinus

albicaulus contorta albicaulus contorta
DBH 0.13 0.19 0.28 0.21
Growth (BAI) 0.18 0.24 0.24 0.1
Duct Production 0.43 -0.1 0.23 -0.18
Duct Size 0.26 0.34 0.41 0.18
Duct Area 0.44 0.28 0.44 0.06
Duct Density 0.35 -0.18 -0.06 -0.2
Relative Duct 0.33 -0.13 0.003 -0.22

Area

Note: Bold values indicate significant correlations (p < 0.017). DBH = diameter
at breast height; BAI = basal area increment.

greater abundance of constitutive sesquiterpenes (p < 0.0001; Fig. 2B)
compared to lodgepole pine. The diversity (H’) of constitutive mono-
terpenes did not differ significantly between whitebark and lodgepole
pine (Fig. S3A). Unlike monoterpenes, constitutive sesquiterpene di-
versity was greater in whitebark pine compared to lodgepole pine (p <
0.0001; Fig. S3B). Generally, mono- and sesqui- terpene diversity was
unrelated to tree growth and resin duct anatomy. However, in whitebark
pine, monoterpene diversity was positively related to resin duct pro-
duction over the full 104-year record (r = 0.43, p = 0.0092; Table S3).

We identified 22 monoterpenes that differed considerably across the
two species (Fig. 3A, Table S4). Specifically, we found 5.96x greater
(-)-a-pinene, 8.2x greater (+)-a-pinene, 4.5x greater j -myrcene, and
2.5x greater (+)-p -pinene in whitebark pine (Table $4). Whitebark also
had greater quantities of f -ocimene (92.8x higher), y-terpinene (3.4x
higher), anisole (9.9x higher), a-longipinene (7.7x higher), p-cymene
(36.2x higher), cis- p -terpineol (5x higher), 3-carene (3x higher), and
two unidentified monoterpenes: MTP 6 (6x higher) and MTP 9 (4.3x
higher; Table S4). In contrast, lodgepole pine exhibited greater con-
centrations of a-phellandrene (6.8x higher), p -phellandrene (1.4x
higher), dill ether (32.4x higher), (+)-linalool (1.8x higher), and an
unidentified monoterpene (MTP 3; 1.7x higher). There were also more
nuanced differences regarding some compounds. For instance, lodge-
pole pine contained greater concentrations of (-)-sabinene (4.8x
higher), while whitebark contained 15.7x more of the stereoisomer
(+)-sabinene (Table S4). Similarly, whitebark contained 4.8x more of
(-)-8-limonene, while lodgepole contained 5.7x more of the stereoiso-
mer (+)-6-limonene (Fig. 3A, Table S4). Lodgepole pine also produced
more of the phenolic phenylpropanoid 4-allylanisole (10.1x higher)
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than whitebark pine (Fig. 3A, Table S4).

We identified 33 sesquiterpenes that were significantly different
between whitebark and lodgepole pine (Fig. 3B, Table §4). Whitebark
pine contained greater quantities (raw concentrations and percent
composition) for 73% of these, while lodgepole pine contained greater
quantities of a-cadinol (1.5x higher), and seven unknown sesquiterpenes
(SQT 4, SQT 6, SQT 8, SQT 9, SQT 11, SQT 14, SQT 15) (Fig. 3B,
Table S4).

3.3. Relationships between tree growth and resin ducts in whitebark and
lodgepole pine

Overall, the variables describing growth and resin duct properties
were similar between the two species (Table 1). Tree size (DBH), height,
and growth (BAI) were similar as was resin duct production, duct area,
duct density, and relative duct area. However, across the full time series
(1914-2018) lodgepole pines produced 10% larger resin ducts on
average relative to whitebark pine (p = 0.0033; Fig. 4).

Unstandardized resin duct metrics (size, area, and production)
correlated positively with growth (BAI) for both species, while stan-
dardized duct metrics (duct density and relative duct area) correlated
negatively with growth. Specifically, resin duct production showed a
strong positive correlation with growth for whitebark pine (r = 0.59, p
= 0.0007; Fig. S4A) but not for lodgepole pine (Table 3). Resin duct size
and growth were positively correlated for both whitebark pine (r = 0.52,
p = 0.0034) and lodgepole pine (r = 0.56, p = 0.0014; Fig. S4B). Simi-
larly, resin duct area and growth were strongly, positively correlated for
whitebark (r = 0.71, p < 0.00001) and lodgepole (r = 0.55, p = 0.0016;
Table 3, Fig. S4C). In contrast, resin duct density and growth were
negatively correlated for whitebark pine (- = —0.36, p = 0.0539) and
lodgepole pine (r = -0.55, p = 0.0019; Table 3, Figure S4D). Relative
duct area was also negatively correlated with growth for whitebark pine
(r = -0.6, p = 0.0005) and lodgepole pine (r = -0.61, p = 0.0004;
Table 3, Fig. S4E).

Tree size (DBH) was positively correlated with growth (BAI) for both
lodgepole (r = 0.69, p < 0.0001) and whitebark pine (r = 0.77, p <
0.0001; Table 32). In whitebark pine, tree size was also positively
correlated with resin duct production (r = 0.39, p = 0.0352), duct size (r
= 0.46,p = 0.0098), and duct area (r = 0.56, p = 0.0014; Table 3), Tree
size was negatively correlated with resin duct density in whitebark pine
(r =-3.7, p = 0.04215) and relative duct area in lodgepole (r = -0.45, p
= 0.01179) and whitebark pine (r = -0.58, p = 0.0008; Table 3).

3.4. Relationship of overstory competition and constitutive resin chemistry

Stand density index (SDI) was not correlated with tree size, tree
growth, nor resin duct metrics for both species (Table 4). SDI was also
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Fig. 2. Comparison of total constitutive concentrations (ug / g fresh weight) of monoterpenes (A) and sesquiterpenes (B) across 30 whitebark pine (P. albicaulis) and

30 lodgepole pine (P. contorta).
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Fig. 4. Comparison of resin duct size across the full time series (1914-2018).

not correlated with constitutive mono- nor sesqui- terpenes for lodge-
pole pine (Table 4). However, in whitebark pine there was a significant
negative correlation between monoterpenes and SDI (r = -0.38, p =
0.0179; Table 4), indicating monoterpene concentrations declined with
increasing stand density.

Lodgepole pine basal area comprised approximately 55% of near-
tree competition (average DBH = 24.8 cm + 0.77), followed by white-
bark pine (25%, average DBH = 15.3 cm =+ 0.8), subalpine fir (12%,
average DBH = 14.5 cm + 1), Engelmann spruce (5%, average DBH =
19.3 em =+ 1.9), and Douglas-fir (3%, average DBH = 22.7 cm + 4.7).
Engelmann spruce was consistently in the top performing models pre-
dicting constitutive monoterpenes as a function of near-tree competition
(Table 5). In addition, constitutive mono- and sesqui- terpene concen-
trations in whitebark pine were negatively affected by near-tree
competition with Engelmann spruce (p = 0.0227) while no relation-
ships were found for lodgepole pine (Table S5). Generally, constitutive
levels of monoterpenes in whitebark pine decreased with increasing
Engelmann spruce basal area.
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Table 3
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Spearman correlation coefficients of tree ring growth and resin duct anatomical measurements of Pinus contorta and Pinus albicaulis. Correlations were conducted on

metrics averaged over the full time series (1914-2018).

Pinus albicaulis DBH Growth (BAI) Duct Production Duct Size Duct Area Duct Density Relative Duct Area
Growth (BAI) 0.77

Duct Production 0.39 0.59

Duct Size 0.46 0.52 0.11

Duct Area 0.56 0.71 0.63 0.84

Duct Density -0.37 -0.36 0.36 -0.48 -0.17

Relative Duct Area -0.58 -0.6 0.01 —0.34 -0.24 -0.85
Pinus contorta

Growth (BAT) 0.69

Duct Production 0.12 0.08

Duct Size 0.25 0.56 -0.06

Duct Area 0.24 0.55 0.36 0.9

Duct Density 0.35 -0.55 0.25 -0.62 -0.45

Relative Duct Area -0.45 -0.61 0.14 -0.32 -0.22 0.87

Note: Bold values indicate significant correlations (p < 0.05). DBH = diameter at breast height; BAI = basal area increment.

Table 4

Spearman correlation coefficients of stand density (Reineke’s Stand Density
Index; SDI), tree size (DBH), tree ring growth (BAI), and resin duct anatomical
measurements for whitebark (P. albicaulis) and lodgepole pine (P. contorta var.
latifolia), Correlations were conducted on metrics averaged over the full time
series (1914-2018).

Stand Density Index (SDI)

Pinus albicaulis Pinus contorta

Monoterpene concentration -0.38 0.09
Sesquiterpene concentration -0.29 -0.24
Monoterpene Diversity (H") 0.26 0.16
Sesquiterpene Diversity (H') -0.24 —-0.34
DBH -0.05 -0.09
Growth (BAI) ~0.05 -0.28
Duct Production 0.01 -0.05
Duct Size -0.17 -0.33
Duct Area -0.15 -0.33
Duct Density -0.05 0.35
Relative Duct Area -0.22 0.28

Note: Bold values indicate significant correlations (p < 0.05). DBH = diameter at
breast height; BAI = basal area increment.

Table 5

Generalized linear models predicting constitutive monoterpenes as a function of
overstory competition. Log likelihood reflects the probability of the data given
the model, while K represents the relative number of sample parameters for each
model. Top five models are shown as well as intercept-only model for reference.
(1) indicates a positive coefficient in the model while (1) indicates a negative
coefficient.

Model AlCe AAIC  LogL K

1. SPC (1) + PIEN (1) + PSME (1) + PICO (1) 11596 0.00  -570.39 6
+ [PIEN * SPC] (1) + [PICO * SPC] (1)

2. 8PC (1) + PIEN (1) 4+ PSME (1) + [PIEN * 1160.7 112 57357 4

sPCl (1)

3.SPC (1) + PIEN (1) + [PIEN * SPC] (1) 1161.3 1.69 575.09 3
4.SPC (1) + PIEN (1) + PSMFE (1) + PICO (1)  1161.3 175  -569.87 7
+ [PIEN * SPC] (1) + [PSME * SPC] (1) +
[PICO * SPC] (1)
5. SPC (1) + PIEN () + PSME (1) + PICO (1) 1161.8 221 -570.10 7
+ ABLA (1) + [PIEN * SPC] (1) + [PICO *
SPCI (1)
6. Intercept-Only Model 1168.8 9.2 -582.28 1

Abbreviations: SPC (species), PIEN (Engelmann spruce competitors), PSME
(Douglas-fir competitors), PICO (lodgepole pine competitors), ABLA (subalpine
fir competitors).

4. Discussion

Our 104-year record comparing growth and defense characteristics
within and between whitebark and lodgepole pine yields four important
findings. First, we did not find evidence of a tradeoff between tree
growth and tree defenses (resin duct morphology and resin chemistry;
Table 2, 8§2). This suggests that trees growing under favorable field
conditions can experience high growth rates and be well defended.
Second, we found that resin duct size, production, and area are not
related to constitutive mono- and sesqui- terpene concentrations in
lodgepole pine, whereas resin duct production and area were positively
related to constitutive monoterpenes, and resin duct size and area were
positively related to constitutive sesquiterpenes, in whitebark pine
(Table 2, S2). The lack of distinct, universal relationships between these
defensive features presents beetles with numerous and unpredictable
combinations of resin-based defenses, particularly from its historical
host, lodgepole pine (Mason et al. 2019, Howe et al. 2020). Third, based
on constitutive terpene profiles, bark beetles are more likely to enter
lodgepole pine but more likely to successfully elicit mass attacks in
whitebark pine, which agrees with beetle attack and success patterns in
the field (Fig. 3) (Bentz et al. 2015). Fourth, overstory competition,
particularly by Engelmann spruce, can influence tree defenses, specif-
ically constitutive terpene concentrations (Table 5, S5). Competitive
tree interactions could lead to altered bark beetle-conifer interactions as
host and nonhost species migrate in response to changing climate. This is
particularly relevant within montane environments, where climate-
related tree species migration could occur more rapidly (elevational
range shifts over hundreds of meters) compared to flatter regions (lat-
itudinal range shifts over hundreds of kilometers).

Overall, relationships between growth and defense in lodgepole and
whitebark pine were relatively similar (Table 3). Counter to our hy-
pothesis (H;), we did not find evidence to suggest that trees producing
more and larger resin ducts also have higher concentrations and di-
versity of mono- and sesqui- terpenes. In contrast, whitebark pine trees
produced smaller resin ducts structures than lodgepole pine (Fig. 4) but
also had greater constitutive levels of mono- and sesqui- terpenes
(Fig. 2). These findings differ from results in the Greater Yellowstone
Ecosystem reporting greater duct production and greater levels of
constitutive monoterpenes and diterpenes in lodgepole pine than
whitebark pine but are similar in both showing higher sesquiterpenes in
whitebark pine (Fig. $3) (Raffa et al. 2013, Raffa et al. 2017, Mason et al.
2019). In addition, resin duct area positively correlated with constitu-
tive mono- and sesqui- terpenes for whitebark pine, but not in lodgepole
pine, suggesting that whitebark pines with increased resin duct area also
have greater concentrations of constitutive mono- and sesqui- terpenes
(Table 2, S2). This is supported by research demonstrating that, in some
species, increased resin duct area is positively related to resin flow
(Hood and Sala 2015, Yi et al. 2021). Duct area also correlated strongly
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with tree size (DBH) and growth (BAI) in whitebark pine (Table 3),
which could assist managers in the identification of candidate trees for
silvicultural treatments and/or seed collection efforts (Table 3). Counter
to our hypothesis (Hz) relative duct area was not related to constitutive
mono- and sesqui- terpene concentrations for either species (Table 2).
Lodgepole pine had greater relative duct area than whitebark pine but
lower levels of constitutive mono- and sesqui- terpenes (Fig. 2). In
addition, sesquiterpene diversity was lower in lodgepole pine than
whitebark pine while we did not detect significant difference in mono-
terpene diversity between the two species (Fig. S3).

Interestingly, we did not detect significant tradeoffs in the allocation
of resources between tree growth and investment in resin duct structures
and constitutive mono- and sesqui- terpenes. Rather, we found generally
positive relationships between tree size and growth versus unstandard-
ized resin duct metrics and constitutive mono- and sesqui- terpenes
(Table 2, §2). This likely reflects the highly variable site quality of
natural forest stands rather than an absence of within-plant allocation
posited by Herms and Mattson (1992). That is, within-plant allocation
patterns do not necessarily scale up to between-plant inverse relation-
ships (and may even be reversed) at the landscape scale (Howe et al.
2020). This view has some support, as Waring and Pitman (1985),
Bleiker et al. (2005), Knapp et al. (2013), Williams et al. (2018) and
Keen et al. (2020) found that fast-growing trees were most likely to
survive bark beetle outbreaks. However, other research has demon-
strated the opposite, whereby slower growing trees were more likely to
persist through increased beetle activity (de la Mata et al. 2017, Reed
and Hood 2020). Investment in plant growth and defense is nuanced and
changes across geographic environments and microclimates, as well as
with plant ontogeny, stand dynamics and seasonality. Given the
numerous physiological mechanisms modulating tree growth and the
expression of defensive features, more research is needed to better un-
derstand if and how these relationships differ across broader ecological
and temporal scales.

We interpret the lack of clear relationships among tree growth, resin
duct morphology and resin chemistry as part of complex evolutionary
processes shaping bark beetle-host interactions. While mountain pine
beetles have evolved to exploit chemical signatures in the identification
and colonization of individuals, trees present bark beetles with innu-
merable permutations of physical and chemical defenses (Mason et al.
2019). A beetle cannot readily predict resin duct architecture during
host identification and colonization. Thus, trees with well-developed
resin duct defenses have an advantage of enduring bark beetle attack.
This is supported by research demonstrating the importance of resin
duct anatomy in surviving beetle activity for a variety of conifers
(Vazquez-Gonzalez et al. 2020). For instance, Kichas et al. (2020) found
that whitebark pine that persisted through stand-level beetle activity
produced fewer but larger resin ducts with greater resin duct area and
greater relative duct area than whitebark pine that died. Similar results
have been reported for lodgepole pine (Ferrenberg et al. 2014, Zhao and
Erbilgin 2019), ponderosa pine (Kane and Kolb 2010, Hood et al. 2015),
limber pine (Ferrenberg et al. 2014, Bentz et al. 2017), maritime pine
(P. pinaster) (Zas et al. 2014), foxtail pine (P. balfouriana) and Great
Basin bristlecone pine (P. flexilis) (Bentz et al. 2017). Likewise, the
composition and quantities of resin chemistry, both constitutive and
induced, can mediate tree survival from bark beetles (Raffa et al. 2005,
Zhao et al. 2011, Erbilgin et al. 2017). There is also evidence to suggest
that insect activity can shape growth and resin-based defenses directly in
lodgepole pine (Zhao et al. 2019) and ponderosa pine (de la Mata et al.
2017). However, the myriad interacting factors influencing tree defenses
complicates our ability to generalize relationships across species or
make assumptions about resin duct characteristics and beetle in-
teractions. More work is needed to understand the many biotic and
abiotic processes modulating tree growth and development of resin-
based defenses, specifically relating to climate, stand dynamics, and
disturbance histories.
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4.1. Constitutive resin chemistry

We found clear species-level differences in the composition of mono-
and sesqui- terpenes between whitebark and lodgepole pine (Fig. 3,
Table S4). These differences relate to mountain pine beetle behavior and
attack success and largely agree with other research (Raffa et al. 2013,
Raffa et al. 2017). In support of Hs, whitebark pine produced greater
quantities of compounds known to enhance beetle success, including
(-)-a-pinene, which beetles use as precursor for the biosynthesis of their
aggregation pheromone, (-)-trans-verbenol (Blomquist et al. 2010,
Keeling 2016). Whitebark also produced more p-myrcene, which
mountain pine beetles utilize as synergists for pheromone attraction
(Borden et al. 2008). While lodgepole pine produced less of these
compounds we found significantly greater levels of a—phellandrene and
p-phellandrene, which mountain pine beetles exploit for host recogni-
tion. Lodgepole pine also produced more compounds that inhibit beetle
fitness, including (4)-8-limonene, which is highly toxic to mountain
pine beetles, and 4-allylanisole (aka estragole), which inhibits attraction
to pheromones (Hayes and Strom 1994). Thus, despite having fewer
exploitable compounds for pheromone production and enhancement,
the increased concentration of compounds important for host recogni-
tion likely results in mountain pine beetles identifying lodgepole pines
for colonization over co-occurring whitebark pine under endemic beetle
activity. However, under mass attack and outbreak scenarios, beetles are
more likely to succeed when colonizing whitebark pine trees. As beetle
activity is projected to increase with increasing temperatures, particu-
larly at higher elevations, the implications for whitebark pine mortality
are concerning and may warrant management actions to mitigate po-
tential loss of this important species.

We found some evidence for our hypothesis (H4) as lodgepole pine
produced larger resin ducts with greater relative duct area compared to
whitebark pine; however, counter to our hypothesis, lodgepole pine had
lower levels of constitutive terpenes (Figs. 2, 4). We do not interpret the
lack of relationship between resin duct anatomy and constitutive resin
chemistry in lodgepole pine as an indication that lodgepole pine are any
less defended against bark beetles than whitebark pine. There are many
factors, such as climate, soil quality, tree size / age, stand dynamics, and
disturbance histories, that can influence tree physiology and defense
anatomy in conifers. For instance, the chemical composition of oleoresin
can change dramatically when trees are exposed to fungi vectored by
bark beetles (Keefover-Ring et al. 2016). Notably, our results only
pertain to constitutive chemical defenses. While there is a growing body
of literature investigating constitutive and inducible defenses, more
work is needed to better understand the relationship of constitutive and
inducible defenses within and across species, as well as ecological im-
plications of these relationships (Howe et al. 2020). In addition, the
potential ecological roles of sesquiterpenes in beetle-conifer-microbial
interactions are unknown. Sesquiterpenes can play a role in cold toler-
ance in some plants (Zhao et al. 2020), which is consistent with their
higher abundance in the high elevation whitebark pine, but again such a
function has not been tested in pines. More work is needed to understand
how these compounds vary across species and environments and what
functions they may serve in conifer defense.

4.2. Influence of competition on tree defense

Trees sampled for this study were relatively young (90 year mean
age) (Reed et al. 2018) and growing in a moderately dense lodgepole
pine-dominant, mixed-conifer forest stand in the northern Rocky
Mountains. We hypothesized that competition in this setting would
reduce nutrient availability, limiting the overall capacity for trees to
produce primary and secondary metabolites. We found some support for
this hypothesis (Hs), as stand density (SDI) was negatively correlated
with constitutive monoterpene concentrations for whitebark pine
(Table 4). Also, the frequency of relationships having a negative
although statistically insignificant relationships suggests that additional
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studies into whether increased competition reduces growth and defense
in whitebark and lodgepole pine is warranted. Future studies providing
greater spatial and temporal resolution and more explicitly directed
design may reveal ecologically meaningful insights into the role of local
competition.

We did not detect notable influence of inter- or intra- specific
competition on constitutive terpene abundance or diversity (Table S5).
However, we did find evidence that Engelmann spruce interacts with
whitebark pine, resulting in decreased monoterpene concentrations
with increasing Engelmann spruce presence (Table 5, S$5). This trend
was observed in whitebark pine despite Engelmann spruce occupying a
small percentage of local competition (5%). In addition, Engelmann
spruce was a comparatively strong predictor of constitutive mono-
terpenes in whitebark pine compared to other competitors (Table 5).
This merits further investigation because as climate warms and different
tree species migrate along elevational and/or latitudinal gradients they
may increasingly encounter species, such as Engelmann spruce, that
could negatively influence their defenses. This could have important
implications for management and conservation efforts, particularly
given projected increases in both temperature and mountain pine beetle
activity in the western U.S. over the next century (Bentz et al. 2016,
Buotte et al. 2016, 2017).

Whether these effects are attributable to the microsites where
Engelmann spruce resides or to more nuanced direct and indirect effects
of Engelmann spruce ecology (e.g., changes in soil characteristics
through litter deposition, root exudates, and unique microbial assem-
blages) remains unclear. It is also possible that other tree-level factors,
such as tree height and canopy vigor, could influence these relation-
ships, as taller trees with more photosynthetically active canopies may
be superior competitors for light and limiting nutrients. While we only
assessed diameter and species information for competitor trees, we
recommend that future studies investigating the role of competition on
conifer defenses also consider other aspects of tree growth and function.
Understanding the degree to which competition and/or differences in
site characteristics influence constitutive and induced resin-based de-
fenses will enable managers to modify prescriptions to better achieve
desired objectives.

4.3. Conclusions

We found differences in whitebark and lodgepole pine growth and
physical / chemical defenses that have important implications for bark
beetle behavior and forest management. Importantly, we did not detect
tradeoffs between tree growth and constitutive resin-based defenses,
indicating that trees at this site are both growing fast and well defended.
Second, tree growth, resin duct architecture, and resin chemistry are
largely unrelated. The lack of relationships between these different
factors presents beetles with many permutations of resin-based defenses
that can address the multitude of contexts under which attacks occur.
Third, whitebark pine contains greater levels of constitutive compounds
known to enhance bark beetle behavior and success, while lodgepole
pine contains greater concentrations of compounds known to increase
host recognition. Lastly, our record suggests that interspecific competi-
tion, particularly with Engelmann spruce, can influence constitutive
resin chemistry. This may in turn increase susceptibility to mountain
pine beetle, yielding unexpected challenges in whitebark pine conser-
vation and restoration efforts.

These results have several important implications. From the
perspective of a bark beetle, whitebark pine appear more chemically
conducive for reproductive success while lodgepole pine are more
identifiable as potential hosts. Under endemic scenarios mountain pine
beetle persist in low numbers, colonizing stressed individuals with
depleted defense systems. However, during outbreak conditions, beetle
populations can overwhelm defenses of vigorous, well-defended trees.
As such, even the healthiest whitebark pine growing within this mixed-
conifer setting may be vulnerable to beetle-induced mortality. However,
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conifers have co-evolved with insects and have developed complex
defensive strategies in response to these pressures. Resin duct architec-
ture can facilitate oleoresin production and mobilization in ways that
are not readily perceptible to beetles. The lack of clear relationships
between these various defensive features reflects the complexity of the
biophysical relationships connecting them. In addition, local competi-
tion and species-specific interactions may further influence growth and
defense characteristics, leading to unpredictable outcomes as species
migrate in response to a warming climate.

Changing forest conditions are confronting managers with increas-
ingly limited options for preserving and promoting whitebark pine
populations. Many management prescriptions rely on superficial per-
formance indicators (primarily growth) that fail to account for the
important role of physical and chemical defenses in moderating distur-
bance interactions. Few studies have investigated patterns of growth and
defense using multiple proxies (resin duct anatomy and resin chemistry),
so there is a need to expand this research to a broader range of species
and environments.
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Abstract

Tree defense characteristics play a crucial role in modulating conifer-bark beetle interactions.
While there is a growing body of literature investigating factors mediating tree growth and resin-
based defenses in conifers, there is a lack of uniformity in the methods used to evaluate the
relative role of geometric size-age relationships versus climate and other factors in driving
anatomical changes in trees. We: 1) evaluated the relationship between biological trends in resin
duct anatomy with climatic variability; and 2) determined if whitebark pine growth and resin
duct morphology is constrained by climate and/or regional drought conditions. We found that
high-elevation whitebark pine trees experienced increased growth and defense under warmer and
regionally drier conditions, with climate variables explaining a substantive proportion of
variation (10-25%) in tree diameter growth and resin duct anatomy. Our results suggest that
whitebark pine growth and defense was historically limited by shorter growing seasons in high-
elevation subalpine environments.

Plain Language Summary

Long-term drying trends, increased fire activity, disease prevalence, and insect outbreaks
throughout the western U.S. highlight a need to understand how trees are responding to changing
climatic and ecosystem conditions. In many conifers, oleoresin produced by trees is the primary
defense against insects and pathogens and is stored and mobilized through a network of resin
duct structures distributed throughout the tree stem. Pine trees persisting through bark beetle
outbreaks often have distinct resin duct characteristics compared to trees that died. However, the
degree to which climate influences resin duct morphology is poorly understood, particularly for
high-elevation species. In this study our objective was to evaluate relationships between climate,
tree growth, and resin duct anatomy for whitebark pine, a high-elevation conifer of management
concern in the northern Rocky Mountains, USA. Importantly, removing age-growth related
trends in resin duct data was critical before evaluating climate-resin duct temporal relationships.
Whitebark pine at our study sites increased growth and defense (producing more and larger resin
ducts with greater area) under regional warming, reduced snowpack, drier soils, and increased
vapor pressure deficit.

1. Introduction

Widespread tree mortality associated with changing climate and disturbance regimes
predisposes many western U.S. forests to future, unpredictable changes in forest stand structure,
function and species composition (Allen et al., 2015; Allen et al., 2010; Smith et al., 2015; van
Mantgem et al., 2009). Long-term drying trends coupled with increased fire activity, pathogen
activity, and insect outbreaks all highlight a need to understand physiological responses of trees
to abiotic and biotic stressors (Bentz et al., 2016; Dudney et al., 2021; Jenkins et al., 2014;
Stephens et al., 2013). Currently, the majority of research linking drought- and disturbance-
related mortality centers on lower-elevation, moisture-limited forest systems (Das et al., 2013;
McDowell et al., 2008; Stephenson et al., 2019; van Mantgem & Stephenson, 2007; Zhang et al.,
2017) with little attention to higher-elevation, energy-limited systems (i.e., systems limited by
growing season mean temperature and length). There is a critical need to evaluate how climate
trends and severe drought that are causing widespread tree mortality in moisture-limited low-
elevation systems will affect cooler, short-growing season subalpine forests in the western U.S.
More specifically, there is a need to understand how tree growth and defense strategies in
energy-limited systems are consistent with or differ from moisture-limited systems. This is
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particularly important for informing ecosystem models that are often parameterized based on
data from lower elevation forest taxa.

Whitebark pine (Pinus albicaulis) is an ecologically and culturally important high-elevation
conifer with a bifurcated distribution. The western populations range from the southern Sierra
Nevada mountains in California (36° N) north through the Coast and Cascade ranges of Oregon
and Washington into west-central British Columbia (55° N). The eastern distribution tracks the
northern Rocky Mountains, extending from Colorado poleward through Idaho and Montana into
western Alberta (Ao & Hoff, 1989; Fryer, 2002; Little, 1971). Whitebark pine has been
recognized as a foundation species in high-elevation montane ecosystems due to its importance
in promoting snowpack accumulation and retention, vegetative establishment, and as a critical
food source for a variety of wildlife (Tomback et al., 2001). However, extensive whitebark pine
mortality due to the introduction of a highly aggressive exotic pathogen white pine blister rust
(Cronartium ribicola) and extensive mountain pine beetle (Dendroctonus ponderosae) outbreaks
caused by shifting climate, along with future projections of continued population declines due to
warming (Chang et al., 2014), led the U.S. Fish & Wildlife Service to list whitebark pine as
“threatened” under the Endangered Species Act in December 2020. Managers tasked with
supporting and maintaining the viability of whitebark pine into the future need information on
how whitebark forests respond to climate and disturbance synergies across biophysical gradients
throughout its range.

In whitebark pine, and other conifers, defense characteristics play a crucial role in
moderating bark-beetle interactions, with trees persisting through bark beetle outbreaks often
exhibiting distinct resin duct characteristics (Ferrenberg et al., 2014; Hood & Sala, 2015; Hood
etal., 2015; Kane & Kolb, 2010; Kichas et al., 2020). While there is a growing body of literature
investigating tree growth and resin-based defenses in conifers, there is a lack of uniformity in
methods employed to disentangle the anatomical changes related to geometric size-age
relationships versus climate and other factors across studies (Hood & Sala, 2015; Vazquez-
Gonzalez et al., 2020). Because mature trees typically experience increased mortality relative to
smaller, younger trees (Audley et al., 2020; Boone et al., 2011; Safranyik & Carroll, 20006), it is
important to remove the influence of geometric size-age relationships before investigating
climate-resin duct relationships. Though various approaches have been applied, only two studies
have utilized traditional dendroclimatological detrending methods and these show inconsistent
results, with one study reporting marginal influence of climate on interannual duct production in
P. pinaster (Vazquez-Gonzalez et al., 2021) and the other reporting significant relationships
between resin duct density, temperature, and precipitation in Picea abies (Wimmer & Grabner,
1997). Problems with the application of these methods may partially stem from the fact that they
have only been employed on temporally limited (< 50 year) datasets dominated by young trees.
Longer time periods outside of the juvenile growth curve are optimal for estimating and
separating geometric growth curves from climate driven multi-decadal patterns and long-term
trends in resin duct anatomy in long-lived tree species.

Based largely on data from lower elevation forest taxa, species distribution models project
that increased warming and regional drying will amplify whitebark pine mortality through direct
and indirect effects of drought, decreased tree resilience, and increased susceptibility to insects
and pathogens (Chang et al., 2014; Millar & Delany, 2019; Wong & Daniels, 2017). However,
while several studies have investigated climate-growth relationships in conifers there are
exceedingly limited data on how climate influences resin duct morphology, which is important
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for understanding growth-defense interactions and within-tree resource allocation patterns. Here
we present an evaluation of high-elevation whitebark pine growth and defense in response to
climate variability across two U.S. northern Rocky Mountain sites spanning 1924 to 2015. Our
objectives were: 1) to evaluate relationships between age- and growth-related trends in resin duct
morphology (duct production, size, area, density, relative area) with climatic variability (i.e.,
seasonal and annual temperature and moisture); and to 2) determine if whitebark pine growth and
resin duct morphology is constrained by changing climatic conditions including warming
temperatures and regional drought. In contrast to previous research from drier, moisture-limited
systems we expected to find increased tree growth and defense (i.e., increased resin duct
production, size, area) in our energy-limited systems with increased warming and regional drying
(Harold C. Fritts, 1971; Wettstein et al., 2011).

2. Materials and Methods

2.1 Site Description

Data for this study were collected across two high-elevation (1,905 - 2,120 m a.s.L.)
whitebark pine sites on the Flathead Indian Reservation as part of a larger fire history
reconstruction project for the Confederated Salish and Kootenai Tribes (CSKT). We selected
sites where whitebark pine was an important component of the canopy (> 15 % canopy cover).
As part of the CSKT fire history project, a 200 m grid was overlain across each site using a
combination of remote sensing and field surveying for optimal placement (supporting
information Figure S1). Within the 200 m grid, individual plots were located 200 m apart along
cardinal directions, with a total of 38 plots for the 3LK site (covering approximately 100 ha) and
34 plots for the BLD site (covering approximately 88 ha) (Kichas et al., 2020). For this study, we
utilized tree-ring data from 58 live whitebark pine trees at the 3LK site and 54 live whitebark
pine at the BLD site for a total of 112 trees. The average size (diameter at breast height) of
whitebark pine trees sampled was 21.2 cm (£ 0.57 cm), with an average age of 102 years (= 1.5
years). Increment cores collected from live whitebark pine trees were processed using standard
dendrochronological techniques (supporting information Text S1).

2.2 Data Analysis

All analyses were conducted using the statistical package R (v. 3.5.0) (R Development Core
Team, 2008). We used several multivariate analyses including Principal Component Analysis,
correlation, and regression to examine relationships between radial growth, resin duct
morphology and climate. We first investigated the potential influence of local fire activity on
whitebark pine growth and resin duct morphology. We utilized spatially explicit 20" century
wildfire records to determine dates of fire events adjacent to our study sites. Results from
superposed epoch analysis indicate no significant differences in growth or defense in response to
regional fire activity. We then assessed the relationships of tree growth and resin duct anatomy to
climatic conditions. We measured growth and defense metrics over the full record (1908-2015)
but limited our climate analysis to a period of 1924-2015 to both increase our sample depth (7 =
80 trees at 1924) and reduce inclusion of growth and defense data over the earliest part of the
record when juvenile growth vigor may obscure climate and drought relationships.

For climate analyses, tree growth and resin duct data were conservatively and interactively
detrended using the dplr package (version 1.7.2) (Bunn, 2008) with the goal of removing
geometric age-related growth trends while retaining as much decadal+ scale variability as
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possible. Each tree-ring and resin duct series was individually fit with either a negative
exponential curve (79.7%), Hugershoff curve (1.6%), Friedman super smoother (5.1%), or a
spline with a 0.5 frequency response at 75% the series length to remove the geometric growth
trend (13.6%) (H. C. Fritts, 1976). The resultant series were then standardized by dividing by the
fitted trend line, transformed into unitless ratio (index), and then combined into a composite
chronology by calculating the weighted mean across all samples (supporting information Figure
S2, Data Sets S1, S2) (Cook & Peters, 1997). We utilized a rotated principal components
analysis (PCA) to assess within-sample variability and rule out other potential external factors
(e.g., site aspect, soils, genetics, etc.) than climate that could influence variability within the
detrended dataset. We found no significant sub-sample variability outside of the mean response,
indicating the detrended tree-ring and resin duct chronologies exhibit variability controlled by a
common factor and hence are suitable for climate analyses (supporting information Figure S3).

Estimates of local hydroclimate within the study areas were obtained at a spatial resolution of
4 km from the Wolock and McCabe (2018) monthly water-balance model (MWBM) output
(Data available: https://doi.org/10.5066/F71V5CWN). The MWBM uses precipitation and
temperature input data from the Parameter-elevation Regressions on Independent Slopes Model
(PRISM) (Daly et al., 2008) to estimate monthly evapotranspiration (potential and actual),
runoff, snowfall, and soil moisture storage. We opted to use this version of the PRISM-based
water balance dataset because (1) instrumental weather data were not available at these study
sites (Abatzoglou et al., 2017; Daly et al., 1994; Kipfmueller & Salzer, 2010), (2) its accuracy
has already been evaluated at watershed scales across the contiguous U.S. (McCabe & Wolock,
2011), and (3) both PRISM and the MWBM are commonly utilized dataset for many
dendroecological and climatic studies, particularly in areas with complex topography (Cansler et
al., 2018; Carnwath & Nelson, 2016; Ferrenberg et al., 2017; Goeking & 1zlar, 2018; Guiterman
et al, 2015; Hood et al, 2015; Kipfmueller & Salzer, 2010; Martin et al., 2020; Martin et al_,
2019; Millar et al., 2007; Pederson et al., 2013).

To obtain the best representation of climatic conditions affecting trees in our study we
averaged climate data from the nearest four grid points for each site. We grouped monthly
climate data into seasonal and annual windows to evaluate potential responses of trees to
seasonal variability. We also included climate data from the year prior to growth to account for
lagged influences of climate on tree growth and duct morphology. Monthly climate variables
obtained for this analysis included temperature, precipitation, and vapor pressure deficit (from
the PRISM Climate Group, Oregon State University: http://prism.oregonstate.edu), snowfall, soil
moisture storage, and potential and actual evapotranspiration (from the MWBM), as well as
Palmer Drought-Severity Indices (PDSI / z-PDSI) from the western Montana climate division in
the WestWide Drought Tracker product (Abatzoglou et al., 2017) (Data available:
https://wree.dri.eduw/wwdt/), and April 1 snow-water equivalence (Pederson, Gray, Woodhouse,
et al., 2011) (Data available: https://www ncei.noaa.gov/access/paleo-search/study/11205).

To determine climate variables best associated with tree growth and resin duct morphology,
we performed regression subset selection using the LEAPS package (version 3.1) (Lumley,
2020). Mallow's Cp, the coefficient of determination (R?), and Bayesian information criterion
(BIC) were used to inform the most parsimonious selection of predictor climate variables, and in
addition, top models were run through a forward-backward stepwise procedure to help eliminate
overfitting issues. Variables were allowed to enter the model with an alpha-to-enter significance
level ae = 0.15 and removed from the model with an alpha-to-remove significance level or =0.1.
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We also partitioned climate variables into upper and lower quartiles to evaluate potential
differences in whitebark pine growth and resin duct morphology across the extremes of the
respective climate distributions (e.g., cooler and wetter versus warmer and drier) (supporting
information Figure S4).

3. Results and Discussion

3.1 Growth and defense increase with regional warming and drying

Initial assessments of relationships between tree size, growth, and resin duct morphology
indicates the need to first remove the biological influence of early vigorous tree growth from tree
anatomical defense metrics using dendrochronological detrending methods prior to performing
climate analyses (supporting information Figure S2, Data Sets S1, S2). These results also provide
evidence showing age as a primary control on resin defenses with greater duct production and
area over the juvenile growth years (DeAngelis et al., 1986), which supports field observations
that young or juvenile trees typically experience lower mortality during insect outbreaks
compared to larger, more mature trees (Audley et al., 2020; Boone et al., 2011; Safranyik &
Carroll, 2006). Additionally, the relationship between raw (non-detrended) data shows positive
or neutral relationships between whitebark pine tree size (diameter at breast height), radial
growth, and resin duct morphology (supporting information Table S1). Traditional,
“conservative” biological growth curve detrending methods (e.g., negative exponential curves,
negative to zero slope regression lines, and rigid splines) designed to retain decadal- to
centennial-scale variability and long-term trends in tree-ring records were successfully utilized in
producing detrended, standardized indices of growth and defense suitable for use in climate
analyses (supporting information Figure S2).

In assessments of climate relationships to the detrended growth and defense metrics we
compared upper and lower quantiles of climate variables related to extreme warm and dry, or
cool and wet conditions, (warm season [May-Sep] average temperature, annual average Palmer-
Drought Severity Index, cool-season [Oct-Apr] total snowfall, and warm season [May-Sep]
maximum vapor pressure deficit [VPD]) against whitebark pine growth and defense. We find
that reduced snowpack, drier soils, and increased vapor pressure deficit, collectively drives
increased production of anatomical resin defenses (Figure 1). Significant differences in tree
growth, resin duct production, duct size, and duct area for the lower and upper quartiles of these
climate variables indicates more favorable growing conditions and/or growing season length
allowed for both increased growth and defense in these trees.
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Figure 1. Comparison of detrended whitebark pine tree growth and resin duct morphology across the upper and
lower quartiles of reported climate variables: warm season (May-Sep) average temperature (°C), annual average
Palmer-Drought Severity Index (PDSI), cool season (Oct-Apr) total snowfall (mm), and warm season (May-Sep)
maximum vapor pressure deficit (VPD) from 1924-2015.

Unlike many lower-elevation moisture-limited forests, high-elevation whitebark pine trees in
the U.S. northern Rockies have experienced increased growth and produced more and larger
resin ducts with a greater total duct area under warmer and regionally drier conditions (Figure 1).
As documented with previous research, the drier, lower-elevation forests experience recent
warming and drying as a stressor, resulting in decreased growth and defense. In contrast, in our
high-elevation systems warming and drying appear to release the physical constraints of
snowpack on tree growth and the generally cool-wet conditions that limit photosynthetic activity
and carbon accumulation. Increased warming in these alpine systems results in earlier snowmelt
and ground thaw which increases biologically available water and provides temperatures
favorable for xylogenesis and nutrient exchange (Chhin et al., 2008; Danby & Hik, 2007).
Hence, decreased precipitation (and presumably increased insolation due to less cloud cover)
facilitate increased spring and autumn photosynthetic activity, promoting greater carbon
sequestration annually (Goldblum & Rigg, 2005; Kérner, 1998).
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We propose that a larger reservoir of annual carbohydrates, fueled by an extended growing
season, allows these high-elevation trees to simultaneously allocate resources towards both tree
growth and resin duct defenses, with no discernible growth-defense tradeoffs (Figure 1,
supporting information Table S1). While similar patterns of increased tree growth under warmer
and regionally drier conditions have been reported for other conifers in high-elevation, energy-
limited systems throughout western North America (Graumlich & Brubaker, 1986; Kemp-
Jennings et al., 2021; Miyamoto et al., 2010; Peterson et al., 2002; Salzer et al., 2009), these
results are the first to also show enhanced resin duct defenses.

3.2 Whitebark pine growth and resin duct morphology have unique climale responses

Climate explains a substantial proportion of variation in whitebark pine tree growth and resin
duct morphology, with R? values of models ranging from 10 to 25% (Table 1). Annual average
temperature is closely tied to resin duct size and duct area, while summer (Jun-Aug) mean
temperature is positively associated with tree growth and resin duct density (Table 1, Figure 2).
Annual average PDSI is also positively associated with tree growth, with increased growth
occurring under regionally drier (more negative} PDSI values (Table 1, Figure 2). Similarly,
average summer PDSI and warm season (May-Sep) maximum vapor pressure deficit are
positively associated with resin duct production (Table 1, Figure 2).

The combination of resin duct characteristics collectively influences a trees ability to
produce, store, and mobilize oleoresin. In applying this perspective, that a tree’s resin-based
defenses are in fact a sum-of-its-parts, key climate variables (mean annual temperature, warm
season maximum vapor pressure deficit, and summer PDSI) collectively explain a considerable
(~ 49%) proportion of variability in resin duct anatomy (duct production, duct size, and duct
area) (Table 1; Figure 2) after the primary control (size-age relationship) has been removed
through conservative detrending. Together, our findings suggest that these high-elevation trees
are responding to climatic controls in nuanced and complex ways by actively adjusting
components of tree growth and resin duct morphology in response to changing environmental
conditions. While duct anatomy is important for tree survival during bark beetle outbreaks, resin
chemistry and resin viscosity are also critical components modulating tree-insect-pathogen
interactions (Kichas et al., 2021). Sampling temporal variation in resin chemistry, viscosity, and
flow is not possible in a retrospective analysis in this study; however, relatively small increases
in resin duct area would lead to a greater capacity to deliver oleoresin to insect attack sites, as
resin flow is proportional to the fourth power of resin duct diameter in accordance with Hagen-
Poiseuille’s law (Schopmeyer et al., 1954; Vazquez-Gonzalez et al., 2020; Yietal., 2021). In
addition, increasing temperatures correlate with reduced resin viscosity and increased resin flow
in some species, which may further enhance resin mobilization in whitebark pine under warmer
conditions (Wermelinger et al., 2021; Zas et al., 2020).



300
301
302
303

304

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

321
322
323
324
325
326
327
328
329
330
331

76

manuscript submitted to Geophysical Research Letters

Table 1. Top climate models predicting tree growth (RWI), detrended duct production / size / area, and standardized
duct metrics (duct density and relative duct area) as determined by best subsets regression. Models were developed
through a forward-backward stepwise procedure to remove highly correlated variables. Arrows reflect the positive
(1) or negative (|) influence of climate variables on whitebark pine growth and defense metrics.

Model Coefficient SE. Pr>|t] F DF R!} Adj.R® p-value
Growth* ~ (1) Summer Avg. Temp + 0.076 0019 <0001 77 88 021 0.18 < 0.001
(1) Annual Avg. PDSI + -0.028  0.009 0.002
(1) Summer z-PDSI 0.062 0017 <0.001
Duct Production® ~ (1) Warm VP Max + 0.023  0.009 0013 11 89 0.21 0.19  <0.001
(1) Summer PDSI -0.014  0.007 0.043
Duct Size* ~ (1) Annual Avg. Temp 0.028 0.008 0.001 11 90 0.11 0.1 0.001
Duct Area* ~ (1) Annual Avg. Temp 0.061 0014 <0.001 18 90  0.17 0.16  <0.001
Duct Density ~ (1) Summer Avg. Temp + 0.044  0.021 0.038 9.5 88 0.25 0.22 < 0.001
(]) Fall PDSI + -0.053 0014 <0.001
(1) Annual Total PPT 0.001  0.000 0.003
Relative Duct Area ~ () Fall PDSI + -0.052  0.015 <0.001 72 89 0.14 0.12 0.001
(1) Annual Total PPT 0.001  0.000 <0.001

Within these high-elevation, energy-limited systems, warmer temperatures and regionally
drier conditions are associated with increased tree growth, duct production, duct size, and duct
area (Figure 2). Ultimately, these systems experience warming and regional drought as a release
from cold and wet conditions that limit photosynthetic activity. As these high-elevation
ecosystems continue to experience increased warming, energy-limited whitebark pine trees
appear poised to be better defended against insects and pathogens via increased vigor and
enhanced resin duct anatomy (Table 1; Figures 1, 2). These metrics of resin-based defensive
structures are important characteristics influencing tree mortality to insect-pathogen complexes
(Hood et al., 2015; Kane & Kolb, 2010; Kichas et al., 2020). However, the benefit of enhanced
growth and defense in response to warming and drying conditions is likely a non-linear
relationship with critical thresholds at which further warming and drying would eventually result
in these systems transitioning into moisture-limited systems and their subsequent physiological
responses (Pedlar et al., 2021). Also, since climate-controlled production of defense structures is
a secondary response relative to size-age primary control, there are likely thresholds of tree size
beyond which the additional production of defensive structures during drought offers limited
additional benefit.

Additionally, many other factors that could interact to influence tree mortality that may
obscure these relationships. For instance, projected enhanced thermal suitability for mountain
pine beetle might amplify outbreaks, potentially overwhelming even well-defended trees (Bentz
et al., 2016; Boone et al., 2011; Reed & Hood, 2020). White pine blister rust can also cause
extensive mortality in healthy, vigorous trees, however the extent to which this pathogen affects
resin duct formation and resin flow is unknown as is the degree to which resin-based defenses
relate to the success of white pine blister rust infection. While our study was not explicitly
designed to test for these interactions there was evidence for both mountain pine beetle- and
white pine blister rust-caused mortality across each of our study sites, with the majority (~ 82%)
of whitebark pine trees having been killed prior to our initial sampling effort (574 out of 701
whitebark pine trees were dead at the time of sampling). White pine blister rust migrated into this
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broader region of the northern Rocky Mountains circa 1950 (Geils et al., 2010; Samman et al.,
2003). The area has also been affected by numerous large-scale bark beetle outbreaks, occurring
in the 1930s, 1960s—1980s and most recently 2000s—2010s (Arno & Hoff, 1989; Buotte et al.,
2017; Gibson et al., 2008; Kipfmueller & Swetnam, 2002; Lestina et al., 2019). Live whitebark
pine trees sampled for this study have persisted through these recent disturbance events, yet it is
unknown how future disturbance synergies may push these systems past a threshold at which
regional warming and drying may inhibit rather than enhance growth and defense responses.
More research is needed to investigate relationships between exposure to white pine blister rust
and insect-pathogen complexes on resin duct development and within-tree resource allocation

patterns.
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Figure 2. Scatterplot and time series relationships (10-year moving averages) for whitebark pine tree growth,
detrended resin duct metrics that were not standardized to growth (duct production, duct size, duct area), and the
primary climatc variables derived from best-subsets regression from 1924-2015 (Table 1). The plotted 10-ycar
moving averages between variables highlight covariation at decadal-scales.

4. Conclusions

We found that high-elevation whitebark pine trees in the northern Rocky Mountains have
experienced increased growth and defense under warming temperatures, reduced snowpack, drier
soils and increased vapor pressure deficit. In response to these changing conditions, these alpine
forest ecosystems are essentially experiencing a release from conditions that historically limited
photosynthetic activity. Contrary to previous research conducted in moisture-limited systems,
our results show that regional warming and drying trends may enhance both growth and defense
in energy-limited subalpine forests. This relationship highlights an important distinction between
high-elevation systems and lower elevation systems - where drought stress, as reflected by
traditional climate variables and indices, beneficially translates to a longer-growing season. An

10
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extended growing season in these high-elevation systems promotes accumulation of structural
and non-structural carbon and, ultimately, increased growth and defense structures in trees. Of
critical importance, we expect this positive relationship to cross a threshold at which even
energy-limited high-elevation systems experience drought-stress and limited growth and defense
as warming continues. This further emphasizes how the relationships with tree growth, resin
ducts, and climate will vary in complex ways, within and across species, as well as over topo-
climatic gradients (Ackerman & Goldblum, 2021; Mikinen et al., 2002; Miyamoto et al., 2010).
Future studies should investigate these patterns and consider climate-resin duct relationships
across elevational transects to assess if and how these relationships change across important
biophysical gradients and investigate at what point the benefits of regional warming and drying
in these systems will become liabilities for alpine forests.
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CONCLUSIONS

In response to widespread mortality, there is an urgent need to develop strategies for
maintaining distributions of whitebark pine throughout its contemporary range (Keane et al.
2012, Goeking and Izlar 2018, Goeking et al. 2018). For instance, scientists have developed
genetic strains resistant to white pine blister rust and are monitoring planting efforts to better
understand how these strains perform in natural settings over time (Kim et al. 2003, Bower and
Aitken 2008, Liu et al. 2016, Liu et al. 2017a). These are important efforts that will greatly assist
managers in retaining and promoting whitebark pine within the complex environments where it
is found. However, seedling growth is often the primary characteristic selected for within these
breeding programs and the preferential selection for these two traits (growth and rust resistance)
likely fails to account for diverse defensive strategies (both physical and chemical defenses) that
differ considerably across genotypes (Bower and Aitken 2008). For example, in our manuscript
investigating stand dynamics within whitebark pine populations, we found that trees that have
persisted through recent stand-level mountain pine beetle activity and white pine blister rust
infection produced anatomically larger resin ducts with a greater annual investment in these resin
duct features (Kichas et al. 2020). However, these trees did so at the expense of growth,
exhibiting lower overall growth rates compared to trees that died. This suggests a complex trade-
off between the allocation of resources to growth and defense, however, such trade-offs are
poorly understood within natural ecosystems.

Changes in the composition and structure of whitebark pine stands, resulting from fire
suppression, increased competition from shade-tolerant species, and shifting insect and pathogen

interactions all highlight a critical need to better understand the evolutionary tradeoffs between
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the investment of resources into growth and defense in whitebark pine. Developing a better
understanding of how these physiological properties differ within and across whitebark pine
populations is critical for establishing successful strategies for restoration. This is especially true
given the dynamic nature of mixed-conifer stands within the northern Rocky Mountains. Our
results lend insight into different growth and defense strategies, and specifically resin duct
characteristics and resin chemistry that may be beneficial to increasing survivorship and
promoting whitebark pine establishment and persistence within natural, disturbance-prone
mixed-conifer ecosystems. In addition, our research provides novel insight on whitebark pine
growth and defense characteristics utilizing data from a region of the northern Rocky Mountains
where the species is currently underrepresented in the academic literature. There are six key
points that can be drawn from this work:

1) Whitebark pine trees that have persisted through recent stand-level disturbance produced
fewer but larger resin duct structures with greater relative duct area compared to trees that
died.

2) There are important differences in the chemical composition of constitutive resin between
whitebark and lodgepole pine that generally support field observations. Under endemic
scenarios, mountain pine beetle preferentially select lodgepole pine, while under eruptive
outbreak scenarios, mountain pine beetle are successful in colonizing higher-elevation
whitebark pine trees.

3) There are complex relationships between tree growth, resin duct anatomy and constitutive

resin chemistry that present beetles with many permutations of resin-based defenses.
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4) Competition, particularly with Engelmann spruce (Picea engelmannii) can influence
constitutive resin chemistry in whitebark pine.

5) Whitebark pine in subalpine settings of the northern Rocky Mountains are exhibiting
increased growth as well as increased defense under warmer and regionally drier
conditions.

Evidence from this research suggests whitebark pine employs a complex array of
physiological strategies in response to changing disturbance and climatic conditions. The broader
study region from which our trees were sampled has been affected by numerous large-scale bark
beetle outbreaks, occurring in the 1930s, 1960s-1980s, and most recently 2000s-2010s. There
was strong evidence for both mountain pine beetle and white pine blister rust mortality across
each of our study sites, with the majority (~ 82%) of whitebark pine trees having been killed
prior to our initial sampling effort. In this context, producing larger resin duct structures and
investing a greater proportion of annual carbon into resin-based defenses is advantageous in
persisting through this biotic stressor. However, under different environmental pressures
investment in resin ducts at the expense of growth could be disadvantageous. For instance,
during periods of endemic beetle activity stand competition could reflect a greater stress and
select for individuals that can more efficiently allocate resources to height and radial growth, at
the expense of energetically demanding resin-based defenses. Climate can further modulate
growth and resin duct morphology and adds another layer of complexity to the evolutionary
filtering of this unique species. Whitebark pine in the northern Rocky Mountains have evolved
with these environmental stressors over hundreds of thousands of years and exhibit high

phenotypic plasticity. As such, it is essential to maintain as much stand-level genetic variability
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as possible in order to buffer against future unpredictable changes in climate and disturbance
regimes that may negatively impact this species.

Managers tasked with preserving and promoting whitebark pine populations are presented
with increasingly limited options for achieving successful outcomes. Many management
prescriptions rely on surficial performance indicators (primarily growth) that may fail to account
for the important role of physical and chemical defenses in moderating disturbance interactions.
Few studies have investigated patterns of growth and defense using multiple proxies (resin duct
anatomy and resin chemistry) and our work highlights a need to expand research to a broader

range of species and environments.
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APPENDIX A

SUPPLEMENTARY DATA FOR CHAPTER 3 “WHITEBARK PINE (PINUS ALBICAULIS)

GROWTH AND DEFENSE IN RESPONSE TO MOUNTAIN PINE BEETLE OUTBREAKS”
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Figure S1. Principal components analysis of live and dead whitebark pine (144 samples, 72 live,
72 dead) for the 20—, 10— and 5—year windows prior to mortality of the dead pair. Ellipses are
95th percentile confidence intervals for each grouping (live - black; dead - red). Variables factor
maps (right panels) illustrate the relative contribution of growth and defense metrics to the
ordinations.
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Figure S2. Relationship of average vertical resin ducts metrics and growth for live and dead
whitebark pine across the full time period. Pairs of live and dead whitebark pine are color-coded

by site: 3LK (magenta) and BLD (cyan).

Note: variables were log-transformed to meet the assumptions of linear regression.

Table S1. Generalized linear models predicting survival of whitebark pine during disturbance
outbreaks. Log likelihood reflects the probability of the data given the model, while K represents
the relative number of sample parameters for each model. Top five models are shown out of ten

models developed.

Model AIC  AAIC LogL K
Syear Size + Total Relative Area 882 0 —41.1 2
Syear_Size + Total Relative Area + Syear Area 89.7 14 408 3
10year_Size + Total Relative Area + Syear Area + Syear Series 955 73 428 4
10year Size + Total Relative Area 97.1 8.8 425 2
10year_Size + Total Relative Area + Syear Area 98.1 99 —45.1 3

Abbreviations: Area (resin duct area); Relative Area (relative resin duct area); Size (resin duct
size); Series (ring width index); Syear (5—year window prior to mortality); 10year (10—year

window); Total (all overlapping years).
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Table S2. Pearson’s product moment correlation coefficients for growth and defense metrics and
climate variables across both live and dead whitebark pine. Correlations were assessed across the
full chronology (1911-2004; 93 years) as well as an early 20th century period (1911-1960; 49
years) and late 20th century period (1961-2004; 43 years). Climate data was obtained from
PRISM at a spatial resolution of 4 km using the AN version of the dataset. Winter: previous
December, January, February, March / Spring: April, May / Summer: June, July, August

Time Period

Full (1911-2004) 1911-1960 1961-2004

Growth
Winter Precip

Live -0.41 (p <0.0001) —0.18 (p =0.213) -0.57 (p <0.0001)

Dead —0.01 (p = 0.949) —0.01 (p =0.962) 0.08 (p =0.605)
Winter z—PDSI

Live -0.38 (p =0.0002) —0.28 (p =0.05) —0.48 (p = 0.0009)

Dead —0.09 (p =0.379) —0.11 (p = 0.469) 0.04 (p =0.795)
Spring Precip

Live 0.01 (p=0.944) —0.19 (p =0.169) 0.12 (p =0.446)

Dead -0.22 (p=0.03) —0.19 (p =0.182) —0.06 (p =0.683)
Spring Temp

Live 0.36 (p =0.0003) 0.41 (p =0.003) 0.39 (p =0.008)

Dead 0.19 (p =0.05) 0.33 (p=0.019) 0.1 (p=0.517)
Spring z—PDSI

Live -0.11 (p=10.312) -0.31 (p =0.029) -0.01 (p=10.95)

Dead -0.26 (p =0.013) —0.27 (p =0.061) -0.1 (p=0.517)
Summer Precip

Live 0.09 (p =0.353) 0.11 (p = 0.465) 0.07 (p = 0.655)

Dead —0.06 (p =0.557) 0.07 (p =0.626) 0.05 (p=0.761)
Summer z—PDSI

Live 0.07 (p=0.516) —0.03 (p =0.843) 0.1 (p=10.509)

Dead —0.1 (p=0.33) —0.01 (p=0.95 0.02 (p =0.903)
Duct Production
Winter Precip

Live -0.27 (p = 0.009) -0.22 (p=0.12) -0.47 (p =0.001)

Dead —0.14 (p =0.183) -0.22 (p=0.12) —0.05 (p=0.762)
Winter z—PDSI

Live -0.33 (p=0.001) -0.3 (p =0.036) —0.44 (p = 0.003)

Dead -0.23 (p =0.028) -0.3 (p=0.034) —0.15 (p=10.33)
Spring Precip

Live -0.21 (p =0.04) —0.18 (p = 0.204) 0.02 (p =0.899)

Dead -0.27 (p = 0.008) -0.23 (p =0.104) -0.14 (p=0.371)
Spring Temp

Live 0.11 (p=0.29) 0.04 (p =0.802) 0.26 (p =0.087)

Dead 0.09 (p =0.386) 0.09 (p=0.514) 0.02 (p =0.88)
Spring z—PDSI

Live -0.22 (p =0.035) —0.17 (p = 0.229) —0.06 (p =0.678)

Dead -0.27 (p = 0.008) —0.25 (p = 0.086) —0.15 (p=0.34)
Summer Precip

Live -0.26 (p =0.012) -0.22 (p =0.134) -0.23 (p=10.137)

Dead —0.16 (p=10.112) —0.09 (p =0.516) —0.01 (p=0.943)
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Summer z—PDSI
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Live —-0.28 (p = 0.006) -0.25 (p =0.08) -0.23 (p=0.13)

Dead —0.19 (p = 0.067) —0.14 (p = 0.344) —0.05 (p =0.759)
Duct Size
Winter Precip

Live -0.26 (p=10.01) —0.06 (p =0.674) —0.46 (p = 0.002)

Dead 0.13 (p=0.207) 0.19 (p=0.182) 0.22 (p=0.146)
Winter z—PDSI

Live -0.26 (p =10.011) -0.17 (p = 0.241) —0.42 (p = 0.005)

Dead —0.002 (p =0.988) 0.04 (p=0.78) 0.12 (p = 0.429)
Spring Precip

Live 0.06 (p=0.597) -0.21 (p=0.14) 0.15 (p=0.324)

Dead -0.24 (p=10.019) -0.23 (p=10.105) —0.08 (p =0.628)
Spring Temp

Live 0.14 (p=0.187) 0.24 (p=0.089) 0.12 (p=0.447)

Dead 0.11 (p=0.294) 0.21 (p=0.136) -0.05 (p=10.73)
Spring z—PDSI

Live 0.01 (p=0.928) —0.24 (p = 0.089) 0.09 (p=0.54)

Dead -0.25 (p=10.017) -0.26 (p =0.072) -0.07 (p =0.631)
Summer Precip

Live 0.04 (p=0.717) —0.02 (p =0.88) —0.01 (p =0.938)

Dead —0.19 (p = 0.063) -0.2 (p=0.159) —0.05 (p =0.754)
Summer z—PDSI

Live 0.01 (p=0.894) —0.08 (p = 0.586) —-0.02 (p =0.902)

Dead —0.24 (p = 0.023) —0.27 (p = 0.06) —0.08 (p =0.59)
Duct Area
Winter Precip

Live —0.4 (p <0.0001) -0.23 (p =0.103) -0.52 (p =0.0003)

Dead —0.06 (p = 0.546) -0.17 (p =0.251) 0.14 (p =0.368)
Winter z—PDSI

Live -0.45 (p <0.0001) -0.39 (p = 0.005) —0.49 (p = 0.0008)

Dead —0.19 (p = 0.068) -0.38 (p =0.007) 0.05 (p=0.771)
Spring Precip

Live -0.17 (p=10.11) -0.37 (p = 0.009) 0.07 (p =0.661)

Dead -0.34 (p = 0.0008) -0.51 (p =0.0002) —0.09 (p =0.542)
Spring Temp

Live 0.24 (p =0.019) 0.23 (p=0.115) 0.27 (p =0.08)

Dead 0.14 (p=0.175) 0.31 (p=0.027) —0.04 (p=10.781)
Spring z—PDSI

Live -0.22 (p=0.037) -0.37 (p = 0.008) —0.02 (p =0.88)

Dead -0.34 (p = 0.0007) —0.54 (p <0.0001) —0.09 (p =0.541)
Summer Precip

Live —0.16 (p =0.123) —0.19 (p =0.166) -0.09 (p =0.575)

Dead -0.23 (p =0.025) -0.34 (p=0.017) —0.002 (p =0.985)
Summer z—PDSI

Live -0.2 (p=0.052) -0.29 (p = 0.036) —0.08 (p =0.584)

Dead —0.27 (p = 0.008) —0.44 (p = 0.001) —0.04 (p =0.817)
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Figure S3. 30—year moving correlations with a two-year time-step for growth and defense
metrics, winter precipitation (left), and winter z-PDSI (right) for live (red) and dead (black)
whitebark pine.
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Figure S4. 30—year moving correlations with a two-year time-step for growth and defense
metrics, spring precipitation (left), spring z-PDSI (right), and spring temperature (right) for live
(red) and dead (black) whitebark pine.
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APPENDIX B

SUPPLEMENTARY DATA FOR CHAPTER 4 “GROWTH AND DEFENSE
CHARACTERISTICS OF WHITEBARK PINE (PINUS ALBICAULIS) AND LODGEPOLE
PINE (PINUS CONTORTA VAR LATIFOLIA) IN A HIGH-ELEVATION, DISTURBANCE-

PRONE MIXED-CONIFER FOREST IN NORTHWESTERN MONTANA, USA”
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Figure S1. Conceptual diagram of the plot sampling protocol. From plot center, four 10m wide
belt transects were extended in each cardinal direction and the closest 10 trees (> 15 cm DBH) in
each transect were sampled (to a maximum distance of 100 m). A 5.6 m diameter plot was
established around plot center to measure understory vegetation. Coloring: Live trees (green);
dead trees (grey); sampled trees for fire history study (purple highlighting). From Kichas et al.
(2020).

s 4
AR y
Figure S2. Conceptual diagram of sampling design. Individual whitebark (P. albicaulis) and

lodgepole pine (P. contorta var. latifolia) trees (blue outline) were located and increment cores
and phloem tissues obtained for growth and defense analyses. Overstory competition around

4
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each subject tree was also recorded (species and DBH information) for all live / dead trees (> 1
cm DBH) within 5 m and all trees (> 5 cm DBH) to a distance of 10 m. Understory species and

percent cover estimates were also made within a smaller 5.6 m diameter plot around each subject
tree.

Table S1. Spearman correlation coefficients of mono- and sesqui- terpene concentrations (Lg / g
fresh weight) with tree ring growth and resin duct anatomical measurements for whitebark (P.
albicaulis) and lodgepole pine (P. contorta var. latifolia) during the 20-year period prior to

sampling (1998-2018). Correlations were conducted on metrics averaged over the 20-year
period.

Monoterpenes Sesquiterpenes
Pinus albicaulis  Pinus contorta  Pinus albicaulis ~ Pinus contorta

Growth (BAI) 0.16 0.22 0.27 0.22
Duct Production 0.13 -0.08 0.22 -0.12
Duct Size 0.21 0.17 0.45 0.14
Duct Area 0.27 0.11 0.48 0.05
Duct Density 0.32 -0.09 -0.08 -0.18
Relative Duct Area 0.32 —0.08 -0.003 -0.25

Note: Bold values indicate significant correlations (p < 0.025). DBH = diameter at breast
height; BAI = basal area increment.
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Figure S3. Constitutive monoterpene diversity (calculated as Shannon’s H’, a measure of within-
sample diversity; A) and constitutive sesquiterpene diversity (B) for whitebark (P. albicaulis)
and lodgepole pine (P. contorta var. latifolia).
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Table S2. Spearman correlation coefficients of mono- and sesqui- terpene diversity (calculated
as Shannon’s H’, a measure of within-sample diversity) with tree ring growth and resin duct
anatomical measurements for whitebark (P. albicaulis) and lodgepole pine (P. contorta var.
latifolia). Correlations were conducted on metrics averaged over the full record (1914-2018).

Monoterpene Diversity Sesquiterpene Diversity
Pinus albicaulis  Pinus contorta  Pinus albicaulis  Pinus contorta

Growth (BAI) 0.33 0.06 0.16 0.22

Duct Production 0.43 -0.18 0.12 0.08

Duct Size 0.17 -0.03 0.17 0.09

Duct Area 0.37 -0.12 0.22 0.11

Duct Density 0.12 0.02 0.07 <0.01
Relative Duct Area 0.08 -0.06 0.22 -0.14

Note: Bold values indicate significant correlations (p < 0.05). DBH = diameter at breast
height; BAI = basal area increment.

Table S3. Major monoterpenes and sesquiterpenes (ng / g fresh weight) collected from phloem
tissues of whitebark (P. albicaulis) and lodgepole pine (P. contorta var. latifolia) sampled from a
high elevation mixed-conifer forest stand on the Flathead Indian Reservation. Shading of
individual compounds reflects significant difference (o = 0.05) between the two species (light
grey = greater concentration in whitebark pine / dark grey = greater concentration in lodgepole
pine). Contribution refers to the relative percent contribution of each compound to the total
monoterpene or sesquiterpene profile for each species.

No. | Compound ID* Pinus albicaulis Contri | Pinus contorta Contri | Kruskal-
bution bution | Wallis Test
Mean | S.E. Mean S.E. p-value
Monoterpenes (Hydrocarbons)
1 a-thujene NIST>g0 21.32 4.85 0.25 9.43 1.09 0.16 36.183
2 (-)-o-pinene SS 676.31 14141 | 7.99 11346 | 1249 1.93 <0.001
3 (+)-a-pinene SS 399.72 | 86.57 4.72 48.51 4.81 0.83 0.017
4 MTP 1f NIST n.d. n.d. n.d. 1.97 0.59 0.03 0.026
5 MTP 27 NIST 29.69 10.92 0.35 10.65 1.00 0.18 18.848
6 [mmp3t | NIST 3.73 0.88 0.04 6.18 0.63 0.1 <0.001
7 MTP 47 NIST 3.46 1.62 0.04 4.95 1.63 0.08 22.284
8 (—)-sabinene NIST-go 2.25 0.47 0.03 10.87 1.51 0.18 <0.001
9 (+)-sabinene NISTs>g0 332.22 111.56 | 3.93 21.15 2.79 0.36 <0.001
10 B-myrcene SS 407.72 | 69.53 4.82 90.28 13.44 1.54 0.004
11 (+)-B-pinene SS 10.01 2.05 0.12 3.99 0.54 0.07 0.979
12 (-)-B-pinene SS 656.45 | 97.16 7.76 412.79 | 76.55 7.02 14.104
13 3-carene SS 724.58 | 158.63 | 8.56 243.68 | 73.62 4.15 27.835
14 o-phellandrene NISTs>go 7.62 1.85 0.09 51.53 5.20 0.88 <0.001
15 a-terpinene NISTs>go 12.89 2.87 0.15 6.35 0.97 0.11 9.589
16 (-)-6-limonene SS 1413.29 | 235.07 | 16.70 293.93 101.08 | 5.00 <0.001
17 (+)-6-limonene SS 3.08 1.40 0.04 17.44 1.98 0.30 <0.001
18 B-phellandrene NIST-g0 3059.84 | 35555 | 36.16 4411.69 | 398.14 | 75.05 <0.001
19 B-ocimene SS 423.81 | 49.17 5.01 4.57 1.86 0.08 <0.001
20 y-terpinene SS 16.01 3.59 0.19 4.69 0.69 0.08 0.038
21 MTP 5% NIST 0.42 0.19 <0.00 0.32 0.26 0.01 10.422
22 terpinolene SS 176.65 | 41.16 2.09 72.67 10.74 1.24 2.562
23 p-cymenene NISTs>g0 1.81 0.91 0.02 0.05 0.05 0.001 0.232
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Monoterpenes (Oxygenated Monoterpenes)

24 MTP 6' NIST 0.006 0.002 <0.00 0.001 0.001 <0.00 1.248
25 cis-p-terpineol NIST=g0 0.01 0.003 <0.00 0.002 0.001 <0.00 1.303
26 (—)-linalool SS 5.76 2.09 0.07 6.29 291 0.11 39.413
27 (+)-linalool NIST>g0 1.84 0.51 0.02 3.26 0.69 0.06 1.735
28 citronellal NIST>g0 0.83 0.36 0.01 8.67 3.92 0.15 2.58

29 trans-2-menthenol NIST>g0 1.12 0.46 0.01 1.12 0.34 0.02 10.619
30 dill ether NIST>g0 0.09 0.09 <0.00 2.89 0.53 0.05 <0.001
31 MTP 7* NIST 0.69 0.34 0.01 0.41 0.18 0.01 38.397
32 MTP 8' NIST 1.00 0.47 0.01 0.17 0.12 <0.00 9.123
33 Anisole NIST-g0 22.65 3.62 0.27 2.29 1.01 0.04 <0.001
34 (-)-terpinene-4-ol NIST>g0 0.87 0.32 0.01 0.45 0.19 0.01 21.455
35 (+)-terpinene-4-ol NIST>g0 2.93 1.27 0.03 1.13 0.43 0.02 38.073
36 MTP 9f NIST 4.71 1.04 0.06 1.10 0.36 0.02 0.059
37 MTP 107 NIST 0.29 0.17 <0.00 0.94 0.53 0.02 16.478
38 (-)-o-terpineol NIST>g0 0.93 0.47 0.01 0.75 0.45 0.01 33.194
39 (+)-a-terpineol NIST>g0 0.45 0.25 0.01 0.26 0.17 <0.00 27.523
40 a-longipinene NIST>g0 30.58 5.36 0.36 3.96 0.99 0.07 0.003
41 bornyl acetate SS 5.18 1.15 0.06 3.15 0.88 0.05 6.302
Phenolics

42 | 4-allylanisole NIST>g0 4.52 1.01 0.05 45.74 8.27 0.78 <0.001
Sesquiterpenes

43 a-cubebene NIST-g0 58.54 7.69 2.81 5.69 1.27 0.7 <0.001
44 a-copaene NIST>g0 152.85 22.89 6.71 7.11 1.59 0.82 <0.001
45 SQT 1f NIST 10.27 7.11 0.38 0.28 0.28 0.04 0.004
46 SQT 2f NIST 4.8 0.95 0.18 2.93 0.93 0.19 19.909
47 longifolene NIST>g0 46.53 11.66 2.64 0 0 0 <0.001
48 SQT 3F NIST 66.49 10.23 2.85 0.48 0.23 0.02 <0.001
49 caryophellene SS 50.27 6.534 23 2.56 0.68 0.58 <0.001
50 a-guaiene NIST>g0 4.06 2.286 0.16 0 0 0 0.012
51 SQT 4t NIST 0.15 0.147 0.01 3.34 1.05 0.41 0.084
52 cis-p-farnesene NIST>go 27.94 3.667 1.39 0.08 0.08 <0.01 <0.001
53 humulene NIST>g0 18.88 2.491 0.84 1.16 0.53 0.09 <0.001
54 (-)-y-murrolene NIST>g0 16.18 2.666 0.81 2.88 0.91 0.18 <0.001
55 (+)-y-murrolene NIST>g0 66.15 9.5 2.86 10.98 2.47 1.06 <0.001
56 SQT 5f NIST 5.12 0.889 0.2 0 0 0 <0.001
57 a-muurolene NIST>g0 890.25 118.417 | 40.18 51.03 10.42 6.56 <0.001
58 y-elemene NIST>g0 51.61 7.971 2.47 6.94 2.16 0.63 <0.001
59 SQT 6F NIST 0 0 0 7.07 1.93 7.44 0.001
60 SQT 7f NIST 8.47 1.613 0.46 0 0 0 <0.001
61 SQT 8f NIST 33.41 5.185 1.43 81.06 17.81 9.66 <0.001
62 SQT 9f NIST 53.17 8.489 2.33 103.51 22.95 14.89 <0.001
63 SQT 107 NIST 6.78 3.069 0.28 6.67 2.08 1.46 0.926
64 SQT 111 NIST 2.95 2.951 0.13 5.84 3.01 0.68 0.04

65 SQT 12f NIST 9.57 3.461 0.37 5.02 1.47 0.37 17.23
66 cubedol NIST-g0 134.93 18.563 6.46 25.08 5.36 2.76 <0.001
67 SQT 13f NIST 2.95 2.951 0.13 1.79 0.57 0.11 0.332
68 SQT 147 NIST 0.18 0.176 0.01 1.30 0.47 0.07 0.805
69 nerolidol NIST>g0 12.55 1.659 0.53 0 0 0 <0.001
70 cubebol NISTsg0 12.82 1.923 0.55 7.11 1.76 0.6 31.383
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71 [ sQT 15 NIST 217.89 [ 37.567 | 9.73 29431 [ 6439 [3797 [ <o0.001
72 | sQT 16" NIST 3.25 0.892 | 0.11 0.09 0.09 0.01 0.022
73 | sQT 17" NIST 9.56 1.696 | 0.42 0 0 0 <0.001
74 | sQT 18" NIST 4.02 1452 | 0.15 1.45 0.52 0.09 12.488
75 | SQT 19° NIST 14.83 1.707 | 0.71 0 0 0 <0.001
76 | SQT 20 NIST 6.76 1.834 | 032 0.36 0.36 0.02 0.026
77 | (©)-copaene NIST-go | 88.65 | 12.188 | 3.87 17.04 | 3.61 2.19 <0.001
78 | (+)-copaene NISTs-g0 | 34.15 | 4345 | 1.83 1947 | 3.64 3.58 1.136
79 | a-cadinol NIST-go | 14.83 | 2425 | 0.68 2169 | 4.80 2.88 0.348
80 | o-bisabolo NIST-go | 46.05 | 9.861 |23 537 1.23 3.95 15.417
81 | sqQraif NIST 731 1379 | 0.44 0 0 0 <0.001

* Identification (ID) of compounds based upon comparison of retention time and mass spectra
with synthetic standards (SS) or comparison of mass spectra using NIST Mass Spectral Search
Program (NIST); NIST>g0 = Denotes NIST match quality greater than 80
+MTP = unidentified monoterpene; SQT = unidentified sesquiterpene
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Figure S4. Relationship of radial growth (mm) to resin duct metrics for whitebark (light grey)

and lodgepole (black) pines. All metrics were log-transformed to meet the assumptions of linear

regression. Only statistically significant models (a = 0.05) are depicted.
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Table S4. Analysis of variance comparing constitutive mono- and sesqui- terpenes and near-tree
competition (by species as well as total competition) at varying densities (high and low basal
area estimates; “High Comp” and “Low Comp”) for all whitebark and lodgepole pine.

Competition Competitive Load Monoterpenes Sesquiterpenes
(Species) (BA estimates)
Engelmann Spruce PIAL & PICO Interaction: F = 5.14 Interaction: F = 6.31
p=0.0273 p=0.0149
High Comp. n.s. n.s.
Low Comp. n.s. Interaction: F =4.5
P =0.0499
PIAL F=52818 n.s.
p=0.0227
High Comp. n.s. n.s.
Low Comp. F=6.219 n.s.
p=0.0373
PICO n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
Lodgepole Pine PIAL & PICO n.s. F=6.57
p=0.0131
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PIAL n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PICO n.s. n.s.
High Comp. n.s. n.s.
Low Comp. F=9.27 n.s.
p=0.0159
Whitebark Pine PIAL & PICO n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PIAL n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PICO n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
Douglas—fir PIAL & PICO n.s. n.s.
High Comp. ns. n.s.
Low Comp. n.s. n.s.
PIAL n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PICO ns. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
Subalpine Fir PIAL & PICO n.s. n.s.
High Comp. n.s. F=0.0165
p=0.0165
Low Comp. n.s. n.s.
PIAL n.s. n.s.
High Comp. ns. n.s.
Low Comp. n.s. n.s.
PICO F=4.02 ns.
p = 0.0546

High Comp. n.s. n.s.
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Table S4 Continued

Low Comp. n.s. n.s.
All Live Comp. PIAL & PICO Interaction: F'=4.78 F=9.69
p=0.033 p=10.00292
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PIAL F=4061 n.s.
p=10.0406
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PICO n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
All Live & Dead Comp. PIAL & PICO n.s. n.s.
High Comp. n.s. F=707
p=10.0171
Low Comp. n.s. n.s.
PIAL n.s. n.s.
High Comp. n.s. n.s.
Low Comp. n.s. n.s.
PICO n.s. n.s.
High Comp. n.s. n.s.
Low Comp. F=3555 n.s.
p =0.0462

Note: High Comp = subset of 10 lodgepole and whitebark pines with highest basal area estimates
for neighboring competition. Low Comp = subset of 10 lodgepole and whitebark pines with
lowest basal area estimates for neighboring competition. BA = basal area; PIAL = whitebark
pine; PICO = lodgepole pine.
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APPENDIX C

SUPPLEMENTARY DATA FOR CHAPTER 5 “INCREASED WHITEBARK PINE (PINUS
ALBICAULIS) GROWTH AND DEFENSE UNDER A WARMER AND REGIONALLY

DRIER CLIMATE”
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Introduction

This supplementary information provides additional details on the study area and
methods that are presented in the paper. We include a map and description of the study sites
on the Flathead Indian Reservation where data were collected, as well as details of sample
preparation and processing (Text S1, Figure S1). We also provide raw and detrended time
series plots for our composite whitebark pine chronologies (Figure S2) as well as rotated
Principal Components Analysis plots for detrended tree growth, resin duct production, duct
size, and duct area data (Figure S3). We present an example distribution of climate variables
utilized for climate-growth-resin duct analyses (Figure S4) and provide time series datasets
containing raw (Data Set S1) and detrended (Data Set S2) tree growth and resin duct data for
whitebark pine trees sampled at our study sites.
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Text S1.
Site Description

The Three Lakes (3LK) site (2,120 m a.s.l.) is located in the Reservation Divide Mountains
between the Flathead Indian Reservation and Missoula, Montana (Figure S1). Mean annual
temperatures at this location are generally cool, ranging from 2° to 5° C with a 30- to 60-day
frost-free period. Precipitation averages 1,143 mm per year, which occurs primarily as snowfall
from November through March. The Boulder (BLD) site (1,905 m a.s.l.) is located approximately
74 kilometers away in the western Mission Range on the eastern side of Flathead Lake (Figure
S1). Mean annual temperatures for this site are similar to 3LK, with averages ranging from 1° to
6° C with a 20- to 70-day frost-free period. This area receives more precipitation, with an
average of 1,397 mm annually occurring primarily as snowfall from November through March.
Canopy species at both sites consisted of lodgepole pine (P. contorta var latifolia) and
whitebark pine, with smaller components of subalpine fir (Abies lasiocarpa) and Engelmann
spruce (Picea engelmannii).

Sample Preparation — Increment Cores

Increment cores were collected from live whitebark pine trees near the base of each tree
(at or below 15 cm from the root collar) using Haglof 4.3 mm diameter increment borers. We
required cores that were as close to the pith as possible to accurately determine tree
establishment dates. Increment cores were air-dried and processed using standard
dendrochronological techniques (Stokes & Smiley, 1996). We measured ring widths to the
nearest 0.001 mm using a Velmex measuring stage interfaced with the recording software
Measure J2X (Voortech Consulting, 2005). We crossdated tree-ring series visually and
graphically using ring-width patterns and frost rings (LaMarche & Hirschboeck, 1984).
Crossdating was facilitated using site-specific chronologies from ring-width measurements,
which were compiled as part of a previous study (Kichas, Hood, Pederson, Everett, & McWethy,
2020) and statistically checked using COFECHA (Holmes, Adams, & Fritts, 1986).

Individual tree cores were scanned at high resolution (1200 d.p.i.) on an Epson V550
flatbed scanner and annual resin duct features were measured across all years of growth using
the program ImageJ (version 1.46r, National Institutes of Health, Bethesda, MD, USA). All resin
ducts were measured to the nearest 1 x 10”7 mm? using the ellipse tool and the calendar year
in which they formed was documented. For defense metrics we followed the methods
outlined by Hood and Sala (2015) and collected measurements across five categories,
including non-standardized defense measures of resin duct size (mean size of all resin ducts
per annual ring; mm?), duct production (number of ducts year™), and total duct area (sum of
resin duct size: mm? year™), as well as resin duct measures that have been standardized to
annual tree growth, including duct density (number of resin ducts mm2year') and relative
duct area (% annual ring).
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Figure S1. Flathead Indian Reservation in northwestern Montana with the two sites (A) and a
detailed map of the Boulder (BLD) study site (B) and Three Lakes (3LK) study site (C).
Permanent plots (blue circles) were located on a 200 m grid as part of a larger fire history
reconstruction project for the Confederated Salish and Kootenai Tribes. Plots cover
approximately 100 ha at 3LK and 88 ha at BLD.
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Figure S2. Time series plots of raw tree-ring data (top row), detrended data (middle), and duct
metrics that have been standardized to tree growth (bottom row). Tree growth (ring widths:
mm), resin duct production (no. ducts year), duct size (mm?), duct area (mm? year'), and resin
duct metrics that have been standardized to tree growth: duct density (no. ducts mmyear™)
and relative duct area (% annual ring).
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Figure S3. Top: Rotated principal component analysis on detrended tree growth (ring-width
index) and detrended resin duct production / size / area. Middle: Scree plots showing
percentage of variance explained by individual principal components (dimensions). Bottom:
Time series plots of first principal component (PC1) loadings (note: y-axis reversed to help
illustrate similarity to time series plots for detrended data).
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Figure S4. Example distribution of climate variable (Warm Season Average Temperature) used
for analysis. Years in the upper and lower quantiles were pooled together and detrended
whitebark pine growth and defense metrics were compared across the tail-ends of the
respective variable’s distribution (e.g., years with the coolest temperatures on record and years
with the highest temperatures on record).
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Table S1. Spearman correlation coefficients for raw, non-detrended whitebark pine tree size
(diameter at breast height; DBH), tree growth (ring width: mm), unstandardized resin duct
metrics [non-italicized; resin duct production (no. ducts year™), duct size (mm?), duct area
(mm? year")], and resin duct metrics standardized to tree growth [italicized; duct density (no.
ducts mm2year') and relative duct area (% annual ring)]. Bold text indicates significance at
the p < 0.05 level with a sample size n = 112. Standardized duct metrics reflect a dilution effect,
as they geometrically decline with increased tree size even if there is no actual decrease in
duct production and/or total resin duct area, as has been demonstrated in other studies
(Ferrenberg, Kane, & Mitton, 2014; Hood & Sala, 2015; Kane & Kolb, 2010; Mason et al., 2019;
Moreira, Zas, Solla, & Sampedro, 2015; Zhao & Erbilgin, 2019).

Whitebark pine DBH Ring Duct Duct Size DuctArea Duct Relative
Widths Production Density Duct Area

Growth (mm) 0.61

Duct Production 033 0.59

Duct Size 0.17 0.11 0.01

Duct Area 0.3 0.39 0.46 0.86

Duct Density -0.36 -0.55 0.15 -0.18 -0.08

Relative Duct Area -0.3 -0.67 -0.17 0.37 0.24 0.71

Data Set S1. Time series data for raw whitebark pine tree growth and defense metrics. RW =
ring widths (mm), Production = duct production (no. ducts year™), Size = duct size (mm?), Area
=duct area (mm? year”), Density = duct density (no. ducts mm? year™), RelArea = relative duct
area (% annual ring), n = sample size.

Data Set S2, Time series data for detrended whitebark pine growth and defense metrics. The
standardization is done by dividing each series by the geometric trend to produce units in a
dimensionless index. RWI = ring width index, Production_Detrend = detrended duct
production, Size_Detrend = detrended duct size, Area_Detrend = detrended duct area.



