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Abstract

Whitebark pine (Pinus albicaulis, PIAL) and foxtail pine (P. balfouriana, PIBA) are
slow-growing, high-elevation, five-needled pines. Recently, PIAL has experienced
significant mortality while PIBA has experienced minimal decline. PIBA exists in
two disjunct southern (PIBAg) and northern (PIBA) populations. Our study com-
pared juvenile physiological and morphological traits between the two species
(PIAL, PIBA) and foxtail populations (PIBA, PIBAy) to investigate mechanisms
underlying responses to environmental stressors in their high-elevation environ-
ments. We grew four-year-old PIAL and PIBA trees in a common greenhouse envi-
ronment. We measured traits describing their morphology, biomass, stomatal and
xylem conduit size and density, budburst phenology, gas exchange, whole plant
volatile organic compounds (VOCs), phloem volatile resin (PVR) compounds, and
non-structural carbohydrates (NSC). We found that PIAL and PIBA displayed dif-
ferent suites of traits that similarly promote resistance to environmental stressors
(e.g., high wind, drought, herbivores). The two PIBA populations did not differ in
most traits except for VOCs where PIBAg emitted higher concentrations of specific
and total whole plant VOCs than PIBA, suggesting that PIBAg may differ in sus-
ceptibility to stress from PIBAy. For many traits and especially evident in whole
plant VOC concentration and composition, PIAL and PIBAy were most similar
while PIAL and PIBAg differed the most, consistent with growing season total pre-
cipitation of the juveniles’ climates of origin. Our observed trait differences between
species and populations offer insight into mechanisms by which PIAL and PIBA
juveniles survive in their environments, improving our ability to understand drivers
of current and future species distributions.
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Introduction

Whitebark pine (Pinus albicaulis Engelm.) and foxtail pine (P. balfouriana Balf.)
are two of six North American high-elevation, five-needled pines (“high-five
pines”), keystone and foundation species in subalpine ecosystems from southern
California to Northern Canada (Gibson et al. 2008). High-five pines are slow-
growing, pioneer species that often constitute the treeline of mountain ecosys-
tems, characterized by high winds, unpredictable precipitation patterns, cold tem-
peratures, snow, intense solar radiation, and nutrient-poor soils (Baumeister and
Callaway 2006; Campbell et al. 2011). High-five pines provide habitat for other
species, may stabilize snowpack, regulate downstream streamflow (Farnes 1990),
and their seeds are often a main food source for wildlife including the grizzly
bear (Ursus horribilis Linnaeus) and Clark’s nutcracker (Nucifraga columbiana
Wilson) (Felicetti et al. 2003; Schaming and Sutherland 2020). However, high-
five pines, especially whitebark pine, have been experiencing high rates of mor-
tality and decline due to a suite of abiotic and biotic stressors including increas-
ing temperatures, drought, decreasing snowfall, non-native white pine blister rust
(Cronartium ribicola J.C. Fisch), native mountain pine beetle (Dendroctonus
ponderasae Hopkins), changing fire regimes, and competition with shade-toler-
ant conifers (Hansen et al. 2016; Tomback et al. 2022). High-five pines are par-
ticularly vulnerable to climate changes because the rate of temperature increase
is high in mountain ecosystems, giving species less time to adapt (Pepin et al.
2015), and because subalpine species have less space to migrate to higher eleva-
tions as temperatures rise (Chang et al. 2014). Additionally, high-five pines have
low growth rates, long generation times, delayed seed germination, and dispersal
limitations, resulting in mortality outpacing regeneration (Tomback et al. 2001;
Dullinger et al. 2004).

To better predict the distributions of high-five pines under future climates, we
need to understand the physiological mechanisms, measured as traits, that under-
lie juvenile growth and survival under current and future climates. The ability of
young developmental stages to survive into reproductively mature adults deter-
mines future species distributions (Hansen et al. 2021). However, high-five pine
research focuses predominantly on adult tree mortality, with fewer studies inves-
tigating younger developmental stages that have different limiting stressors than
adults. Physiological determinants of juvenile growth and survival include traits
that affect the ability to obtain CO,, water, and light, as well as traits that affect
the ability to resist or tolerate abiotic and biotic stress. Examples of such physi-
ological traits are photosynthetic performance, stomatal traits (e.g., conductance,
density, size), xylem characteristics (e.g., tracheid density and size, potential
hydraulic conductivity), non-structural carbohydrate (NSC) concentrations in
needles, stems, and roots, and volatile organic compound (VOC) concentration
and composition. For example, NSC (starch, sucrose, glucose, fructose) are prod-
ucts of photosynthesis that are used for essential functions including osmoregula-
tion and as carbon reserves during stress-induced inhibited gas exchange (Hart-
mann and Trumbore 2016). NSC can also serve as substrate for the production of
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VOCs, plant secondary compounds that are used in defense against biotic stress-
ors (e.g., fungal pathogens) as repellents or toxins, and abiotic stressors (e.g.,
drought) through mechanisms like thermoregulation and cell stabilization (Ris-
sanen et al. 2022). Examining physiological traits informs our understanding of
how high-five pines physiologically respond to and persist in current and future
environmental stress.

Currently, the high-five species of most concern in North America is whitebark
pine (P. albicaulis; PIAL), which has experienced the highest rates of mortality
(Goeking and Windmuller-Campione 2021). PIAL has the broadest and most north-
erly distribution of all high-five pines spreading latitudinally from California into
northern Canada and the North American Rocky Mountains (Fig. 1). Across the
western US, approximately 54% of whitebark pine trees were found to be dead dur-
ing 2010-2019 (Goeking and Windmuller-Campione 2021). PIAL has been listed
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Fig.1 Species distributions and family seed source names and locations (circles) for whitebark pine
(PIAL, blue) and foxtail pine (PIBA, pink). PIBAy consists of families 267 and 330. PIBAg consists of
families 314 and 296
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as endangered under the Canadian Species at Risk Act since 2012 and was recently
listed as threatened under the US Endangered Species Act in 2022 (Government
of Canada 2017; USFWS 2022). While multiple stressors have played a role in the
decline of PIAL, white pine blister rust, a non-native fungal pathogen, is the leading
cause of mortality (Landguth et al. 2017). As a result, the primary restoration strat-
egy is outplanting rust-resistant seedlings (Fiedler and McKinney 2014). However,
the slow growth rate of PIAL leads to minimal recruitment and a decades-long delay
between planting and stand regeneration (Tomback et al. 2001, 2022; Dullinger
et al. 2004). Additionally, rust resistance is currently the only trait being selected
for across PIAL seed sources, while tolerance to other stressors has been overlooked
(Keane et al. 2017). This may limit restoration efforts if selected seedlings for out-
planting cannot cope with multiple stressors (Schoettle et al. 2022).

In contrast to PIAL, foxtail pine (P. balfouriana; PIBA) is endemic within the US
state of California (Fig. 1; Campbell et al. 2011) and is currently be listed as “near-
threatened” by the International Union for Conservation of Nature (IUCN 2024),
but has not received as much attention because PIBA has not declined nearly as
much as PIAL. Across the western US, 17% of PIBA were found to be dead during
2010-2019 (Goeking and Windmuller-Campione 2021). PIBA has the lowest level
of resistance to white pine blister rust of all high-five pines (Sniezko and Liu 2022),
yet appears well-defended against mountain pine beetles due to high concentra-
tions of phloem volatile resin and emission of VOCs that likely repel host-searching
adults (Bentz et al. 2017; Nesmith et al. 2019; Schoettle et al. 2022). Though recent
surveys show no white pine blister rust-induced declines in PIBA (Moore et al.
2017; Nesmith et al. 2019), rust infection has been documented in PIBA (Duriscoe
and Duriscoe 2002). Increasing temperatures may expand the range and intensity of
white pine blister rust infection within the PIBA distribution and reduce tree defense
against the fungal pathogen and mountain pine beetles (Landguth et al. 2017; Wyka
et al. 2018; Thoma et al. 2019; Young et al. 2023). For example, stress-induced
reductions in photosynthesis may limit C available for VOC production and biotic
defense. Additionally, sapling-sized recruitment of PIBA has declined, suggesting
a bottleneck in recruitment from seedlings to saplings (Goeking and Windmuller-
Campione 2021). Further research is needed to improve our understanding of the
drivers of PIBA juvenile survival and mortality. Given that all high-five pines are
susceptible to the same stressors (e.g., blister rust, bark beetle, changing climate)
yet they exhibit differing levels of mortality to date (Goeking and Windmuller-Cam-
pione 2021), comparing PIBA, a species that has experienced some decline, with
PIAL, a species that has experienced extensive decline, can help inform manage-
ment strategies.

In contrast to the relatively unfragmented distribution of PIAL, PIBA has a
uniquely disjunct distribution split between two geographically isolated popula-
tions. PIBA’s distribution is divided by over 500 km into a southern population in
the Sierra Nevada and a northern population in the Klamath mountains (Eckert et al.
2008). These two populations have been separated for 10,000-30,000 years so that
the lack of gene flow between populations has created conditions for divergent evo-
lution and potential speciation (Oline et al. 2000). For this reason, the species is
split into two sub-species: P. balfouriana subsp. balfouriana (northern foxtail pine;
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PIBAy) and P. balfouriana subsp. austrina (southern foxtail pine; PIBAg) (Bentz
et al. 2017). Currently, little is known about how PIBAy and PIBAg may differ in
their physiology and stress responses (Fryer 2004).

In our study, we investigated four research questions: are there juvenile physi-
ological trait differences (1) between PIAL and PIBA?, (2) between PIBAy and
PIBAg?, (3) between PIAL and PIBAy, and PIAL and PIBAg?, and (4) How does
drought stress affect the physiology of PIAL, PIBAy, and PIBAq juveniles? Given
that both species inhabit high-elevations with similar temperatures, we hypothe-
sized that climate of origin, especially total precipitation, will influence differences
in physiological traits for all comparisons. Specifically, we hypothesized that: (1)
PIAL will exhibit drought resistant traits that allow PIAL to persist in a drier climate
(with lower annual total precipitation) than PIBA, (2) PIBAg will exhibit drought
resistant traits that allow PIBAg to persist in a drier climate than PIBAy;, (3) traits
of PIAL will be more similar to those of PIBAg and most different from PIBAy
because PIAL persists in a drier climate than PIBA and because PIBA ¢ persists in a
drier climate than PIBA, and (4) PIAL will resist drought stress more than PIBA
and PIBA. To test these hypotheses, we conducted a common environment green-
house experiment exposing PIBA and PIAL juveniles to drought and control treat-
ments and measured a suite of physiological and morphological traits before, dur-
ing, and after drought treatment to compare the physiology, morphology, and stress
responses between PIAL, PIBA, and PIBA.

Materials and Methods
Study Material

We obtained sixty-two four-year-old (juvenile) whitebark pine individuals (Pinus
albicaulis, PIAL) from the Coeur d’Alene USDA Forest Service Nursery (Coeur
d’Alene, ID, USA), and nineteen four-year-old foxtail pine individuals (Pinus bal-
fouriana, PIBA) from the Dorena Genetic Resource Center USDA Forest Service
Nursery (Cottage Grove, OR, USA). PIAL juveniles were grown from seed collected
from seven parent trees (families) in Idaho (Burke), Montana (Big Mountain, Jeffer-
son, Wheeler Mountain, “7694°, “7678”), and Wyoming (JHMR) (Fig. 1, Table S1).
PIBA juveniles were grown from seed collected from two populations: the northern
population (PIBA,) and the southern population (PIBAy), each composed of two
families (Fig. 1, Table S1). Average annual, growing season (June—September), and
winter (May—October) climate variables (based on 30-year-normal monthly values)
of each species and population were obtained from PRISM Climate Group at Ore-
gon State University (n.d.) (Table 1). Growing season was determined based on the
months with average temperatures above 7°C (Tran et al. 2017; Bunn et al. 2018).
PIAL and PIBA juveniles were transplanted into tree pots (19 cmXx 19 cm x 46
cm) with a peat-perlite soil medium (Sunshine #1 mix — Sungro, Agawam, MA,
USA) on 17 January 2022 and 8 April 2022, respectively, and placed in the Plant
Growth Center (Montana State University). Plants were watered to maintain 25%
soil volumetric water content (VWC), measured weekly (Hydrosense II, Campbell
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Fig.5 A Boxplots of total PVR concentrations (mg/g) for PIAL, PIBA, PIBA,, and PIBAg (N=8-23).
Top and bottom lines represent first and fourth quartiles and boxes represent the second and third
quartiles split by the median line. Lack of asterisk indicates no significant difference between spe-
cies (p<0.05). Lowercase letters represent significant differences between PIAL, PIBAy, and PIBAg
(p<0.05). B Nonmetric multidimensional scaling (NMDS) plot of phloem volatile resin (PVR) com-
pounds of PIAL, PIBA, and PIBAg (N=8-23). Central stars are the centroids for each group calculated
as the average across the x- and y-axes for each group. Ellipses represent bivariate confidence intervals
assuming t-distribution

@ Springer



Forest Science (2025) 71:865-893 883

populations (Tables 2, §2). The NMDS plot showed overlap between populations for
whole plant VOCs (Fig. 4B) and PVR compounds (Fig. 5B). We found no evidence
of a species difference in means of any NSC concentration in any tissue type from
LME models.

PIAL vs.PIBAy and PIAL vs.PIBAg

PIBAg annual total precipitation was the lowest of the three groups, followed by
PIAL and then PIBAy (annual total precipitation of PIBAg= 1007 mm, PIAL=1152
mm, PIBAy=1881 mm) (Table 1, Figure S1). PIBAg growing season total precip-
itation was also the lowest of the three groups, but followed by PIBAy and then
PIAL (total precipitation of PIBAg=50 mm, PIBAy=119 mm, PIAL =240 mm).
In contrast, PIAL winter season precipitation was lowest of the three, followed by
PIBAg and then PIBAy (total precipitation of PIAL =912 mm, PIBAg=957 mm,
PIBAy=1762 mm). This resulted in 79% of PIAL annual precipitation falling dur-
ing winter compared to 94% of PIBAy and 95% of PIBAg precipitation falling in
winter.

PIBA differed from PIAL in 13 traits while PIBA differed from PIAL in 16 traits
based on LME models (Table S2). In three of those traits, both PIBA populations
differed from PIAL where both PIBAy and PIBAg had lower stem diameter:stem
height (Fig. 2A) and canopy leaf area, and higher stomatal area (Fig. 2C) than
PIAL. Compared to PIAL, PIBAy had lower stem diameter:stem height (Fig. 2A)
and canopy leaf area, higher stomatal area (Fig. 2C), stomatal aperture length, and
number of rows of stomata, lower resin duct area, higher earlywood cell wall thick-
ness, more days to reach budburst stage 2, higher unknown sesquiterpene 4 (PVR),
and higher stem glucose, glucose +fructose, total NSC, and sugars (glucose, fruc-
tose, sucrose). Compared to PIAL, PIBAg had smaller stem diameter, greater stem
height, lower stem diameter:stem height (Fig. 2A), lower LMA (Fig. 2B), higher
Ag:A;, lower STAR and canopy leaf area, larger stomatal and guard cell area, higher
concentrations of specific whole plant VOCs (B-pinene (Fig. 3B), unknown benzene
1, unknown monoterpenes 3 and 4), higher total whole plant VOCs (Fig. 4A), and
higher concentrations of specific PVR compounds (a-pinene (Fig. 3C), methyl thy-
myl ether).

Random forest analysis revealed that the most influential whole plant VOCs
driving the separation between both PIBAy and PIAL, and PIBAg and PIAL were
p-pinene and unknown benzene 1, with PIBAg (but not PIBAy) having signifi-
cantly higher concentrations of those two VOCs than PIAL based on LME models
(Table 2, Fig. 3B). Other influential whole plant VOCs and PVR compounds for
PIAL vs.PIBAy and PIAL vs.PIBAg included o-pinene (Fig. 3C) and other com-
pounds listed in Table 2. PIAL and PIBAg significantly differed in concentrations of
total whole plant VOCs but not total PVR compounds, while PIAL and PIBA did
not differ in concentrations of either total whole plant VOCs or PVR (Figs. 4A, 5A).
Consistently, whole plant VOCs more clearly separated between PIAL and PIBAg
rather than PIBA, (Fig. 4B). In contrast to whole plant VOCs, PVR compounds
clearly separated between PIAL and both PIBAg and PIBA (Fig. 5B).
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Drought vs. Control

We observed few significant trait differences between species in response to treat-
ment (Table S3). Overall, across both species, the drought treatment had an 18%
lower soil volumetric water content than the control treatment. Only four traits dif-
fered: drought Ag:A; and guard cell area were higher than control for PIBA but not
for PIAL, and drought LW ring width was greater and root starch concentration
was lower than control for PIAL but not for PIBA. The most influential whole plant
VOCs and PVR compounds driving the separation between treatments for both spe-
cies are presented in Table S3. Of the influential whole plant VOCs, control had
higher concentrations of unknown monoterpenes 3 and 4 than drought for PIBA but
not for PIAL, while unknown sesquiterpene 5 or f-ocimene-2 did not differ between
treatments for either species. We found no differences in any of the four influen-
tial PVR compounds for either species. Drought concentrations of total whole plant
VOCs were lower than control for PIBA but not for PIAL while total PVR com-
pound concentration did not differ between treatments for either species.

Discussion

PIAL and PIBA juveniles displayed different suites of traits that confer stress resist-
ance to similar abiotic (high winds, drought, low temperatures) and biotic stressors
(white pine blister rust, bark beetle). Though annual total precipitation of our PIAL
juveniles’ climate of origin was 20% lower than PIBA, PIAL did not always exhibit
more drought stress-resistant traits than PIBA, contrary to hypothesis 1. In support
of hypothesis 2, although PIBAy and PIBAg did not differ for most traits, PIBAg
emitted higher concentrations of total whole plant VOCs and p-pinene (whole plant
VOC), and had higher Ag:A; and lower EW cell wall thickness than PIBAy, pos-
sibly reflecting PIBAg originating from a drier and/or more herbivore- or patho-
gen-prone environment than PIBA. Contrary to hypothesis 3, traits of PIAL and
PIBAg generally differed the most, while PIBAy was intermediate between PIAL
and PIBAg. We could not test hypothesis 4 because our drought treatment did not
induce measurable physiological drought responses. Therefore, we have focused the
Discussion on comparing traits of PIAL, PIBA, and PIBA.

PIAL and PIBA Displayed Different Suites of Traits to Confer Stress Resistance

Between the two species, juveniles of PIAL and PIBA displayed different traits
that promote resistance to mechanical stress from high winds and to drought stress,
common characteristics of their exposed, high-elevation habitats. This was sup-
ported by the observation that both our PIAL and PIBA juveniles’ climates of origin
experienced reduced precipitation but at different times of year with PIAL having
drier winters and PIBA having drier summers. Low winter precipitation can result
in growing season drought stress since high-elevation pines rely on snowmelt for
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moisture throughout the summer (Moyes et al. 2013; Hankin and Bisbing 2021).
Both species displayed different traits that increase stem and branch mechani-
cal strength to withstand physical damage. Compared to PIBA, PIAL had shorter,
thicker stems, higher stem diameter:stem height, and higher branch diameter:branch
length than PIBA (Read and Stokes 2006), while PIBA had significantly smaller
diameter and more densely packed LW (latewood) tracheids than PIAL (Domec and
Gartner 2002). In addition to resisting mechanical stress, narrower, densely packed
tracheids are more resistant to embolism and therefore increase PIBA hydraulic
safety and drought resistance. Another consequence of narrower tracheids was a
significantly lower K, (potential hydraulic conductivity, total amount of water that
can be transported through the stem) compared to PIAL, demonstrating the classic
trade-off between hydraulic safety and hydraulic efficiency (McCulloh et al. 2019),
commonly observed in drought-adapted species (Lachenbruch and McCulloh 2014;
Fu et al. 2019). Wider tracheids increase the efficiency of water transport throughout
the plant, which supports increased rates of photosynthesis, growth, and metabo-
lism. However, wider tracheids are more vulnerable to embolism, which can result
in hydraulic failure (Brodribb et al. 2017). PIAL displayed other traits conferring
drought resistance. For example, compared to PIBA, PIAL exhibited higher LMA
(leaf mass per area) and smaller stomatal (aperture) size, both of which reduce foliar
water loss, increasing PIAL drought resistance (Reich et al. 1997; Wright et al.
2004). Higher LMA also may increase leaf life span to protect against cold stress
(Takahashi and Miyajima 2008), consistent with the colder winter temperatures of
PIAL than PIBA. Higher LMA also may increase light absorption (Poorter et al.
2009), which is consistent with PIAL having significantly higher canopy leaf area
and lower STAR compared to PIBA.

We observed evidence for a lack of coordination between our measured xylem
and stomatal traits, where PIBA exhibited significantly larger stomata, smaller
LW lumen area, and higher LW tracheid density than PIAL. This was unexpected
because xylem traits are often correlated with stomatal traits to support whole
plant water transport where liquid water travels through xylem and gaseous water
evaporates from stomata. For example, increased tracheid density and smaller trac-
heid size (lumen area) have been observed in tandem with higher stomatal density
and smaller stomata (Brodribb et al. 2017; Zhong et al. 2020). Consistently, sto-
matal size has been shown to positively correlate with water availability, increas-
ing hydraulic efficiency but reducing hydraulic safety (Guérin et al. 2018; Bertolino
et al. 2019). Traits that were not measured in this study may compensate for this
unexpected lack of coordination. For example, dynamic traits that describe stomatal
kinetics (e.g., rate of stomatal opening and closing) may more strongly coordinate
with xylem traits, as stomatal size and density are relatively static traits (Letts et al.
2009; Drake et al. 2013).

PIAL and PIBA appeared to have species-specific blends of VOC and PVR com-
pounds where, compared to PIAL, PIBA exhibited significantly higher concentra-
tions of 2 of the 4 most influential whole plant VOCs (including p-pinene) and of
all 4 of the most influential PVR compounds (including a-pinene) (Table 2), and
PVR compounds clearly separated between species (Fig. 5). This suggests that com-
pared to PIAL, PIBA may be better equipped to resist stress because VOCs and PVR
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compounds are secondary compounds that protect plants against abiotic and biotic
stress (Bryant et al. 1983; Herms and Mattson 1992; Huang et al. 2019) includ-
ing drought (Trowbridge et al. 2014, 2021) and mountain pine beetles (Gray et al.
2015; Eidson et al. 2018). However, such secondary compounds can also increase
susceptibility to biotic stress because bark beetles are attracted to a-pinene and use
it to produce aggregating pheromones (Hughes 1974; Byers and Birgersson 1990).
VOCs and PVR compounds are created in a process that requires the metabolism
of NSC (Kozlowski 1992). PIBA had significantly higher concentrations of needle
and stem soluble sugars (glucose, fructose, sucrose) than PIAL, which may contrib-
ute to higher PIBA whole plant VOC f-pinene and PVR a-pinene concentrations
than PIAL. Higher sugar concentrations also may increase PIBA drought resistance
because low-molecular weight soluble sugars can be transported rapidly for func-
tions such as osmoregulation to maintain turgor and function (Hartmann and Trum-
bore 2016).

To our knowledge, this is the first study to compare and measure whole plant
VOC and PVR compounds in PIBA and PIAL juveniles. A previous study measured
VOCs in mature trees in the field, which detected no difference in total VOC emis-
sions between PIBA and PIAL (Runyon et al. 2020), matching our finding that VOC
emissions did not significantly differ between juveniles of these species. Addition-
ally, the blend of VOCs emitted by juveniles in our study is consistent with that
emitted by mature trees of both species (Runyon et al. 2020), suggesting that some
juvenile defense mechanisms may be related to adult defense mechanisms. However,
PVR studies of mature PIBA VOCs have found much higher concentrations than we
found in juveniles (Bentz et al. 2017; Runyon et al. 2022), highlighting that adults
and juveniles may respond to or be affected by stress in different ways. For exam-
ple, mountain pine beetles only attack larger mature trees (Bentz et al. 2017, 2022),
which could explain why mature individuals have higher constitutive terpene con-
centrations. We found PIBA had higher resin duct density and area than PIAL, both
of which may increase resistance against bark beetles (Hood et al. 2020) because
resin ducts are permanently embedded into the stem. Resin is synthesized and stored
within resin ducts in coniferous species and functions as both a physical and chemi-
cal defense mechanism (Vazquez-Gonzélez et al. 2020). Larger resin ducts have cor-
related with higher concentrations of certain PVR compounds while increased resin
duct density had variable effects depending on the compound (Mason et al. 2019).
Notably, we measured constitutive VOCs in this study, while defense to biotic agents
also can be induced upon attack (Kutty and Mishra 2023).

PIBAS Had Higher VOC Concentrations than PIBAN

Compared to PIBAy, PIBAg emitted higher concentrations of four whole plant
VOCs (B-pinene, unknown benzene 1, unknown monoterpene 4, total VOCs) and
one PVR compound (methyl thymyl ether), which may reflect the drier climate of
origin of PIBAg and/or that the previous exposure and/or susceptibility to herbi-
vores or pathogens of PIBAg may differ from PIBAy. Water stress has been linked
to higher emissions of VOCs (Holopainen and Gershenzon 2010), which may be a
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result of functional traits or higher vapor pressure promoting VOC emissions. To our
knowledge, PIBA population differences in susceptibility to biotic or abiotic stress
have not been tested. We observed only two non-VOC traits that differed between
populations, and both also supported hypothesis 2. PIBAg had significantly higher
Ag:A; than PIBAy, suggesting that PIBAg may be more drought resistant because
higher Ag:A; reduces the leaf area through which water can be lost through transpi-
ration (Togashi et al. 2015). PIBAy had significantly higher EW cell wall thickness
than PIBAg, which can increase hydraulic efficiency and water transport, which is
more likely to occur in the wetter PIBA climate of origin than PIBAg.

Traits of PIAL were more Similar to PIBAN than PIBAS

We observed a gradient in trait values from PIAL to PIBAy to PIBAg (and vice
versa) for the majority of our measured traits (whole plant VOCs NMDS, total VOC
concentration, p-pinene (VOC), a-pinene (PVR), and 9 morphological and physi-
ological traits). This result may suggest that growing season precipitation may have
influenced the gradient in traits from PIAL to PIBAy to PIBAg more strongly than
winter and annual precipitation. Annual total precipitation of our juveniles’ climates
of origin was highest in PIBAy, followed by PIAL, and then PIBAg, growing season
total precipitation was highest in PIAL, then PIBAy, and then PIBAg, while win-
ter season total precipitation was highest in PIBAy, then PIBAg, and then PIAL.
This was unexpected because we had hypothesized that PIAL and PIBAg would be
most similar based on the expectation that the annual total precipitation of PIBA
(mean of both populations) would be higher than that of PIAL, and annual total
precipitation of PIBAy would be higher than that of PIBAg. Importantly, our study
compared PIAL from the Rocky Mountains with PIBA from California, despite that
PIAL exists in California as well. Given this, we cannot disentangle the effect of
species and climate (location) of origin on observed trait differences between PIAL
and PIBA because PIAL and PIBA in this study originated from different locations.

Drought Treatment did not Induce Physiological Response

Although the drought treatment resulted in 18% lower VWC than the control treat-
ment, pre-dawn and midday leaf water potentials, g, (stomatal conductance), A,
(photosynthesis), and health status did not differ between treatments, and only four
traits differed between treatments, suggesting that the drought treatment did not
induce a biologically meaningful physiological response in our study trees. The
minimal effect of our drought treatment most likely occurred due to the Marchin
et al. (2020) method we had selected to simulate long-term drought progression in
the field. This method was originally developed on tropical plant species which are
faster-growing and adapted to utilizing surface water (Marchin et al. 2022). In con-
trast, PIBA and PIAL are slow-growing species that use water more slowly and have
deeper root systems to access water deep in the soil when precipitation is scarce
(Campbell et al. 2011).
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Conclusions

Our study improves our understanding of the physiological mechanisms that may
underlie PIAL and PIBA current and future distributions. We observed that PIAL
and PIBA displayed different suites of traits that enable them to resist similar stress-
ors including high winds and drought, and persist in their high-elevation habitats.
PIBAy and PIBA¢ most notably differed in VOC emissions, with PIBAg emitting
higher whole plant VOC concentrations, suggesting that the disjunct PIBA popula-
tions may differ in their susceptibility to stress. For most of our measured traits,
PIAL and PIBAy were most similar while PIAL and PIBAg differed the most,
reflecting the same pattern in growing season total precipitation of each group.
Together, our results suggest that changes in environmental stress may affect PIAL,
PIBAg, and PIBAy, in different ways and further investigation is needed to better
understand their responses to future global change.
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