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Abstract

Whitebark pine (Pinus albicaulis) is an important component of high-elevation
ecosystems throughout the northern Rocky Mountains; however, the species
was recently listed as “threatened” under the Endangered Species Act due to
widespread mortality throughout its native range. Land managers tasked with
whitebark pine conservation and restoration require information on strategies
that can positively influence whitebark pine establishment and promote
growth and defense of preexisting trees on the landscape. Our study inves-
tigated the response of whitebark pine tree growth and resin duct defenses
to thinning and removal of competing shade-tolerant conifers in the
Caribou-Targhee National Forest, Idaho, USA. In the nine years following
thinning treatments, we found that whitebark pine trees (>12.7 cm diameter
at breast height [dbh]) responded favorably to thinning and experienced a 60%
increase in basal area increment (52% increase in ring width index) while also
producing 34% more resin ducts. Additionally, resin ducts were 23% larger
with 49% increased area in the nine years post-thinning compared with trees
in the control. Small diameter (<5 cm dbh) whitebark pine in the treatment
experienced a dramatic growth release with over 90% increase in basal area
increment (74% increase in ring width index). Thinning also created condi-
tions favorable for whitebark pine seedling and sapling establishment. In the
treatment, 75% of seedlings and 93% of saplings were whitebark pine, com-
pared with 32% seedlings and 14% saplings in the control. In addition, 93% of
overstory trees in the treatment were whitebark pine, compared with 42% in
the control. Whitebark pine tree mortality was similar across both the control
(26%) and the treatment (25%), indicating that the thinning treatments did not
have any adverse impacts on tree mortality. The positive effects of thinning on
whitebark pine establishment and tree growth, coupled with the lack of elevated
mortality in the treatment, provide strong evidence in support of thinning as a
viable silvicultural technique in whitebark pine conservation efforts.
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INTRODUCTION

Whitebark pine (Pinus albicaulis) is an important component
of high-elevation ecosystems throughout the northern Rocky
Mountains, USA. Whitebark pine trees provide numerous
ecological benefits, including stabilizing erosive slopes,
promoting vegetative establishment in subalpine environ-
ments, increasing snow retention, and promoting snow-
pack development (Tomback et al., 2001). Whitebark pine
seeds are also highly nutritious and an important food
source for a variety of wildlife. However, whitebark pine
forests have experienced increased mortality, particularly
over the past century due to cumulative impacts of native
mountain pine beetle (Dendroctonus ponderosae), altered
fire regimes, successional replacement by competing conifers,
and the nonnative pathogen white pine blister rust
(Cronartium ribicola), which has caused significant
mortality (>90%) in some stands (Keane & Arno, 1993;
Kendall & Keane, 2000; Tomback et al., 2001). These
factors, along with unfavorable projections for future
whitebark pine establishment under a changing climate
(Chang et al., 2014), collectively led the U.S. Fish & Wildlife
Service to formally list the species as “threatened” under
the Endangered Species Act. Given the multiple threats to
whitebark pine, understanding whitebark pine popula-
tion demographics and developing strategies to promote
whitebark pine tree health are essential in maintaining this
threatened species across the landscape (Keane et al., 2017;
Tomback et al., 2022).

To maintain and restore whitebark pine forests, agencies
and land managers require information on the response of
whitebark pine trees to various management activities. In
the Greater Yellowstone Ecosystem (GYE), restoration
treatment alternatives and monitoring of regeneration
dynamics have been identified as important research needs
(GYCC, 2011). Monitoring the establishment and growth
of whitebark pine following changes in stand dynamics
provides the best measure of management action success
(Tomback et al., 2022). While thinning treatments and sil-
vicultural cuttings are common restoration methods used
to reduce competition around desirable trees, data
documenting the impacts of these practices on whitebark
pine growth are sparse (Keane, 2018; Retzlaff et al., 2018),
and studies examining effects on tree defenses to bark bee-
tles (e.g., resin duct characteristics) are nonexistent. This, in
part, is due to the topographically complex, high-elevation
environments where whitebark pine trees grow, which can
complicate both large- and small-scale management activi-
ties (Keane, 2000; Tomback, 2001). In one study, Keane
et al. (2007) found that timber harvesting treatments aimed
at reducing whitebark pine competition facilitated a growth
release, most notably in older, larger trees as well as in
stands with greater preharvest densities (Keane et al., 2007).

Similarly, Retzlaff et al. (2018) found potential for smaller
whitebark pine trees to release after thinning and pre-
scribed fire treatments, although this effect depended on
tree age, with younger trees experiencing a greater release
in growth than older trees (Retzlaff et al., 2018).

While restoration of whitebark pine communities
has been recognized as a critical element in mitigating
whitebark pine decline, restorative treatments aimed at
promoting whitebark pine growth and establishment
have had mixed success, particularly given the species
unique relationships to fire, insects, pathogens, and climate
(Keane, 2018; Keane et al., 2013, 2017; Millar et al., 2015;
Millar & Delany, 2019; Tomback et al., 2001, 2022). For
instance, Keane and Parsons (2010) found that while
prescribed fire promoted conditions conducive to seed
caching by whitebark pine’s primary seed distributer,
Clark’s nutcracker (Nucifraga columbiana), fire also
increased mortality of seemingly healthy whitebark pine
trees. In addition, the silvicultural treatments increased
fuel loadings, further reducing caching habitat and limit-
ing potential for new seedling establishment (Keane &
Parsons, 2010). Maher et al. (2018) also found mixed
results with restoration treatments that depended in part on
the condition of the stand pretreatment (e.g., closed-canopy
versus open park-like stands), with the most notable growth
release occurring in the closed-canopy stand. The nuanced
response of whitebark pine to such treatments reflects the
unique ecology of this long-lived species and warrants
further research across a broad range of biogeographic
environments to better understand the potential for suc-
cess in management activities across diverse whitebark
pine habitat.

The goals of this project are to investigate (1) physio-
logical responses of whitebark pine trees and (2) regenera-
tion responses to mechanical thinning of competing
shade-tolerant conifers in eastern Idaho, USA. We use
tree-ring analysis to evaluate growth and resin duct
responses of whitebark pine to mechanical thinning treat-
ments. Our study is the first to investigate the impacts of
thinning on whitebark pine resin duct defenses. Examining
resin duct characteristics is important in whitebark pine,
and other conifers, because 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 et al., 2015; Hood & Sala, 2015; Kane &
Kolb, 2010; Kichas et al., 2020). This is especially relevant
in whitebark pine habitats due to endemic beetle pressures
and frequent potential for eruptive bark beetle outbreaks
that could influence the success of restoration treatments
(Keane & Parsons, 2010; Kichas et al., 2020; Maher
et al., 2018; Retzlaff et al., 2018). Additionally, understand-
ing the effects of thinning on whitebark pine mortality and
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regeneration is critical for developing successful restoration
techniques.

We hypothesize that thinning treatments will posi-
tively influence both tree growth and defense of residual
whitebark pine trees, due primarily to decreased competi-
tion and increased availability of resources conducive to
carbohydrate accumulation benefiting both tree growth
and defense. We further suspect that whitebark pine trees
are responding favorably to growing season temperature,
characterized by the high-elevation, energy-limited sys-
tems in which these trees grow (Kichas et al., 2023) and
that thinning will increase whitebark pine regeneration
via increased light availability. Our results are of interest
to land managers and practitioners who are tasked with
supporting strategies to enhance whitebark pine vigor
and establishment across multiple jurisdictions. Given
that silvicultural thinning is a prescribed tool for
whitebark pine restoration across much of its range
(GYCC, 2011; Tomback et al., 2022), our findings will
provide direct evidence for evaluating this management
treatment aimed at promoting whitebark pine health and
vigor.

MATERIALS AND METHODS
Site description and thinning treatments

Data for this study were collected across four high-
elevation whitebark pine units (two control and two
treatment units) located to the southeast of Sawtell Peak
on the Caribou-Targhee National Forest in eastern Idaho
(Appendix S1: Figure S1). The study area sits at approxi-
mately 2710 m above sea level (asl) and experiences
mean annual temperatures of 2.8°C with around 700-mm
annual rainfall, which occurs primarily as snowfall from
November through April. These high-elevation montane
forests are predominately comprised of whitebark pine,
subalpine fir (Abies lasiocarpa), and Engelman spruce
(Picea engelmannii) with a small component of lodgepole
pine (Pinus contorta).

In the spring of 1999, 2000, and 2002, the ~16-ha
treatment areas were mechanically thinned to remove
whitebark pine competitors (predominately subalpine fir).
This unit was selected for thinning due to the density of
whitebark pine in both the overstory and understory, logis-
tical practicalities, and its proximity to a well-established
road. As part of these treatments, all non-whitebark pine
trees >20 cm diameter at breast height (dbh) were
mechanically girdled, while trees <20 cm dbh were felled
or hand pulled in an effort to reduce competition and
create forest openings conducive to whitebark pine
regeneration. An untreated control unit was established

approximately 0.6 km to the south of the treated areas.
The control unit had no obvious signs of differing stand
or disturbance histories and was situated geographically
close to the treatment areas to reduce potential microsite
variability that could otherwise influence whitebark pine
growth and establishment. In 2010, 2011, and 2012, the
U.S. Forest Service applied verbenone patches to live,
healthy whitebark pine trees across the treatment and
control areas to reduce mountain pine beetle activity and
limit insect-related mortality for the broader region. In
2012, all subalpine fir <20 cm were pulled or cut a sec-
ond time from the thinned unit. For statistical analyses
and reporting purposes, we combined data from the
two thinned areas and two control areas, respectively
(Appendix S1: Figure S1).

Data collection

In September 2014, 91 healthy, live whitebark pine trees
between 10 and 25 cm dbh were sampled across the treat-
ment and control. We sampled trees visibly free from
symptoms of white pine blister rust (blister rust),
mechanical damage, or visibly distorted growth forms.
We chose trees within the 10-25-cm diameter class
because we were primarily interested in the effects of the
1999-2002 thinning treatments and speculated that trees
experiencing the greatest effects in terms of growth
release would grow into this size class in the 10 years fol-
lowing treatment. While mountain pine beetle attack
pines >10cm dbh, when available, they preferenti-
ally select trees >20-25cm dbh (Gibson et al., 2009;
Safranyik & Carroll, 2006). Our sampling investigated the
effects of thinning on sub-host sized trees to see if
the treatment increased growth and resin duct defenses
to improve the likelihood and timeliness that smaller
whitebark pines would grow into mature cone-bearing
trees.

We collected two increment cores from each tree
(176 cores total, with 94 cores from 49 trees in the control
and 82 cores from 42 trees in the treatment). At each tree,
a detailed description of tree health and growth form was
recorded, as well as blister rust infection status (number
of cankers, location of cankers on branches or bole, and
whether infections were active or inactive) and whether
trees were growing as individual stems or in clumps/
groups. At every fifth tree, a 15.24 X 0.9 m belt transect
was established on a randomly selected azimuth to quan-
tify understory recruitment and basal area.

We also collected one increment core from six over-
story trees of whitebark pine and other species across the
control and treatment and recorded competition (species
and dbh data for live and dead trees) around these
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individuals using a basal area factor 20 angle gauge. In
addition, a total of 20 small diameter whitebark pine trees
(dbh ranging from 2 to 5 cm) in the treatment were destruc-
tively sampled to assess whether the thinning treatments
had any impact on growth of trees in this smaller size class.

In the summer of 2023, the stands were visited again
to assess mortality and regeneration across both the treat-
ment and control. In our 2023 site surveys, we established
14 permanent monitoring plots; seven plots in the control
and seven plots in the treatment (Appendix S1: Figure S1).
In each of the monitoring plots, we tallied whitebark pine
and non-whitebark pine seedlings (trees <1.38-m tall) by
height class in 0.004-ha circular plots (plot radius of
3.6 m), and saplings (>1.2-m tall and <12.7 cm dbh) in
0.02-ha circular plots (plot radius of 8 m). Additionally, we
measured all trees (>12.7 cm dbh) in 0.04-ha circular plots
(plot radius of 11.3 m). We also documented symptoms of
blister rust infection for all live whitebark pine trees in
both the treatment and control.

Sample preparation

Increment cores and small diameter cross sections that
were collected in the 2014 field campaign were air-dried,
prepared and processed using standard dendrochrono-
logical techniques (Cook & Kairiukstis, 1990; Stokes &
Smiley, 1996). 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 cross-dated
visually and graphically using ring width patterns and frost
rings and were statistically checked using COFECHA
(Holmes et al., 1986).

To assess the influence of thinning treatments on
resin duct anatomy, we scanned individual tree cores at
high resolution (1200 dpi; 472 pixels/cm) on an Epson
V550 flatbed scanner and measured resin duct features
using the program ImagelJ (version 1.46r, National Institutes
of Health, Bethesda, MD, USA). All resin ducts were
measured to the nearest 1 X 1077 mm? using the ellipse
tool and the calendar year in which they formed was
documented. For resin duct metrics, we followed established
methods (Hood et al., 2020; Hood & Sala, 2015) and col-
lected measurements across five categories, including
non-relativized measures of resin duct size (mean size of
all resin ducts per annual ring; in square millimeters),
duct production (number of ducts per year), and total
duct area (sum of resin duct size: in square millimeters
per year), as well as resin duct measures that have been
relativized to ring area, including duct density (number of
resin ducts per square millimeters per year) and relative
duct area (% annual ring). We measured ring widths for

the small (2-5 cm) diameter trees but did not assess resin
duct characteristics.

We also investigated the degree to which climate mod-
ulated growth and defense characteristics in whitebark
pine and whether there were detectable differences in the
response of trees sampled in the control and treatment to
seasonal changes in climate. We obtained estimates of local
climate within the study area from the Parameter-elevation
Regressions on Independent Slopes Model (PRISM), as
instrumental weather data were not available at these sites
(Abatzoglou et al., 2017; Daly et al., 1994; Kipfmueller &
Salzer, 2010). Monthly climate variables obtained for this
analysis included temperature (minimum, maximum, and
average), precipitation, and vapor pressure deficit (VPD).
PRISM data were obtained at a spatial resolution of
4 km using the AN (daily and monthly) 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 dendroecological studies, particularly
in high-elevation areas with complex topography
[e.g., Ferrenberg et al., 2017; Goeking et al., 2018;
Guiterman et al., 2015; Kipfmueller & Salzer, 2010]).

We grouped monthly climate data into annual and
seasonal windows to evaluate the more nuanced response of
trees to seasonal variability. For temperature records, “warm
season” encompasses May through September, “Spring”
includes March through May, while “Summer” includes
June through August. For precipitation, we also considered
“cool season,” which encompasses October (from the previ-
ous year) through April, and “water year,” which is a metric
characterizing surface-water supply over a 12-month period,
from October (of the previous year) through September.
This is relevant in these high-elevation environments with
complex topography where moisture can persist annually.

Data analysis

All analyses were conducted using the statistical package R
(version 4.3.0) (R Development Core Team, 2008). We uti-
lized correlation, analysis of variance (ANOVA), multivari-
ate analyses, and t-test analyses to examine relationships
between growth and defense across the control and treat-
ment, as well as between trees that grew as individual stems
versus those in clumps/groups. To investigate the influence
of the thinning treatments on tree growth and resin duct
morphology, we calculated a ratio of growth and resin duct
metrics as the average difference between the nine years
prior to treatment (1990-1998) and nine years following the
1999-2002 thinning treatments (2003-2011). For growth
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measures, we utilized basal area increment (BAIL in square
centimeters per year), which was calculated using the
bai.out function in the dplR package (version 1.75)
(Bunn, 2008). We also utilized a standardized, unitless
ring width index (RWI), which was developed through
interactive detrending using the i. detrend function in
the dpIR package. 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% of 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 & Peters, 1997).
We utilized conservative detrending options to preserve
multi-decadal variability within the ring width series, as
this was assumed to reflect possible important climate and
ecological interactions, such as response to pests, pathogens,
and stand dynamics that could influence growth suppres-
sions and releases. Climate analyses were conducted using
the detrended RWI series and the seascorr and dcc functions
in the treeclim package (version 2.0.6), as well as the
monthly_response_seascorr function in the dendroTools
package (version 1.2.10).

Although observed blister rust occurrence was rela-
tively low across the control and treatment in 2014, we
identified seven pairs of trees with and without blister rust
symptoms (seven diseased trees and seven disease-free
trees of similar size). We considered a tree to be diseased
only when aecia were present or three of five blister rust
indicators (flagging, rodent chewing, roughened bark,
swelling, oozing sap) in the same exact location on either
the tree bole or branches. We paired trees based on diame-
ter (<0.5 cm difference) to control for potential differences
in growth form and looked for differences in growth and
resin duct anatomy to see if blister rust had a notable
impact on tree growth and resin duct morphology. Lastly,
we summed basal area (in square meters) from the over-
story trees, as well as from the belt transect data collected
from every 5th tree in the 2014 field sampling campaign.
From this competition data, we calculated the metric
stand density index (SDI) (Reineke, 1933) around 19 trees
(11 trees in the control and 8 trees in the treatment) and
evaluated relationships between SDI and whitebark pine
growth and resin duct defenses.

RESULTS
Stand-level regeneration and mortality
In 2023, 75% of seedlings (trees <1.38-m tall) in the thin-

ning treatment were whitebark pine compared with 32%
in the control (F = 3.22, p = 0.046). In the treatment,

whitebark pine seedling abundance was marginally higher
in the smallest and largest height class (Table 1). For
non-whitebark pine seedlings, we found significantly
lower levels in the smallest (p =0.011) and largest
(p = 0.031) height classes in the treatment and moder-
ately lower levels in the intermediate height classes
(Table 1). For saplings (trees >1.2-m tall and <12.7 cm
dbh), 93% were whitebark in the treatment compared
with 14% in the control (F = 18.2, p < 0.001). Whitebark
pine sapling abundance was relatively similar between
the control and treatment, with slightly higher abun-
dance in the control for the smallest and largest diame-
ter classes (Table 1). There were significantly fewer
non-whitebark pine saplings in the treatment in the
small and intermediate size classes (<2.54-7.62 cm dbh)
and moderately fewer in the largest diameter classes
(Table 1). For overstory trees (>12.7 cm dbh), 93% were
whitebark pine in the treatment compared with 42% in
the control (F = 46.8, p < 0.001). Whitebark pine tree abun-
dance was significantly higher in the treatment (p = 0.047),
while density (SDI) was marginally higher relative to the con-
trol (Table 1). For non-whitebark pine trees, we found signifi-
cantly fewer trees (p = 0.002), lower basal area (p < 0.001),
and lower density (SDI; p < 0.001) in the treatment (Table 1).
Blister rust was relatively low in 2014, with only 8 of
the 91 sampled trees (~9%) showing symptoms. However,
blister rust had increased by the 2023 sampling period,
where we documented 16% incidence in the control
(symptoms on 10 out of 62 live whitebark pine trees) and
29% incidence in the treatment (symptoms on 34 out of
116 live whitebark pine trees; Table 1). Mortality among
whitebark pine trees was similar across both the control
(26%) and treatment (25%), while mortality for non-
whitebark pine trees was significantly lower in the control
(p = 0.019; Table 1) due to the intentional mechanical
girdling of non-whitebark trees in the treatment.

Thinning effects on whitebark pine tree
growth

Whitebark pine trees sampled across the study units in
the 2014 campaign ranged in age from 19 to 279 years,
with an average age of 120 years. Of the 91 trees sampled,
trees growing in the control were ~34 years older on aver-
age than trees growing in the treatment, with the majority
of sampled whitebark pine trees across both the treat-
ment and control establishing post-1900 (Appendix S1:
Figures S2 and S3). Tree diameter (diameter at the height
increment cores were collected) was similar across all trees
sampled in 2014 (~13 cm diameter; Appendix S1: Figure S4).

When considering the full time series (1833-2014),
whitebark pine trees growing in the control exhibited
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TABLE 1

diameter), and trees (>12.7 cm diameter) per hectare in 2023.

Number of live whitebark pine and non-whitebark pine seedlings (<1.38-m tall), saplings (>1.2 m tall and <12.7 cm

Whitebark pine Non-whitebark pine Percentage whitebark pine
Class or characteristic = Control = Treatment p Control = Treatment p Control Treatment
Seedling height class (m)
<0.15 2083 4236 0.37 1871 0 0.011 53 100
0.15-0.46 424 247 0.604 1906 459 0.189 18 35
0.46-0.76 353 212 0.58 1200 1059 0.217 23 17
0.76-1.07 71 71 NA 671 106 0.117 10 40
1.07-1.38 35 106 0.546 671 0 0.031 5 100
Sapling dbh Class (cm)
<2.54 184 85 0.218 904 14 0.002 17 86
2.54-5.08 42 92 0.412 551 0 0.001 7 100
5.08-7.62 14 42 0.336 254 0 0.004 5 100
7.62-10.16 49 42 0.619 106 0 0.075 32 100
10.16-12.7 7 0 0.391 28 7 0.259 20 0
Tree demography
Density (>12.7 cm) 297 544 0.047 406 42 0.002 42 93
Basal area (m* ha™') 45.4 35 0.535 25.9 1.9 <0.001
SDI (metric) 176 244 0.073 146 14 <0.001
BR occurrence (%) 16 29 0.124 NA NA NA
Mortality (%) 26 25 0.848 17 100 0.019

Note: Reported p values are from the nonparametric Wilcoxon rank sum test comparing control and treatment. Values in boldface reflect statistical significance

at the a < 0.05 level.
Abbreviations: BR, blister rust; NA, not applicable; SDI, stand density index.

marginally greater growth, particularly from 1900 to
2000, compared with trees growing in the treatment
(Figure 1A,B). Beginning around the year 2000,
whitebark pine trees in both the treatment and control
experienced an increased growth trend that persisted
through to sampling in 2014. However, relative to trees
growing in the control, trees growing in the treatment
experienced a much greater release in radial growth
(RWI and BAI). Whitebark pine trees growing in the
treatment exhibited a 52% increase in RWI (p < 0.001)
and a 60% increase in BAI (p < 0.001; Figure 1C,D).
Whitebark pine growing in the treatment experienced
~22 cm? of radial growth on average in the nine years fol-
lowing the thinning treatments, compared with ~9 cm?
of radial growth in the control (Figure 1D).

The small diameter (<5 cm dbh) whitebark pine trees
in the treatment dramatically increased in radial growth
in the posttreatment time period (2003-2011), with a 74%
increase in RWI (p < 0.001; Figure 2) and an over 90%
increase in BAI (p < 0.001). These small trees had
~32 cm” of growth on average in the nine years following
the thinning treatments compared with ~1.2 cm? of aver-
age growth in the pretreatment period (1990-1998).

Thinning effects on resin duct morphology

Following the 1999-2002 thinning treatments, whitebark
pine trees in the treatment produced 34% more resin ducts
on average compared with trees in the control (p < 0.001;
Figure 3A). In addition, resin ducts were 23% larger
(p <0.001) and had 49% increased area (p < 0.001) for
trees in the treatment (Figure 3B,C), but significantly lower
resin duct density (48%; p = 0.002; Figure 3D) compared
with trees in the control. Overall, differences in radial
growth and resin duct morphology collectively explain a sig-
nificant amount of variance (~85%) in the posttreatment
time period across whitebark pine trees (Figure 4).

Factors affecting growth and resin duct
relationships

Whitebark pine tree size (diameter at core height) posi-
tively correlated with BAI (r = 0.63, p < 0.001) and nega-
tively correlated with standardized resin duct metrics
(duct density; r = —0.19, p = 0.012 and relative duct area;
r=—0.21, p = 0.006) over the pre- and posttreatment
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FIGURE 1 (A) Time series of the full ring width index (RWI) series from 1833 to 2014 and sample depth (gray area; right y-axis) and
(B) a magnified view of the series from 1975 to 2014. The RWI series were developed from 91 whitebark pine trees sampled across the
control (black) and treatment (blue). The gray horizontal line represents average growth for the RWI series. The red shading represents the
window of thinning treatments (1999-2002) that were excluded from our analyses comparing pre- and posttreatment growth and resin duct
morphology, while the gray shading (in B) represents pre- and posttreatment analysis periods, respectively. (C, D) Boxplot comparison of the
ratio of (C) tree growth (unitless RWI) and (D) basal area increment (in square centimeters per year; BAI) across the control (black) and
treatment (blue). The ratio was calculated as the average difference between the nine years pre-thinning (1990-1998) and nine years
post-thinning treatments (2003-2011), where positive values reflect increases in post-thinning years compared with pre-thinning years.
Boxplots illustrate median (solid line), mean (dashed line), first and third quartiles (boxes), outliers (small black dots), and range of data
(jittered gray dots).

analysis period (1990-2011). For trees in the treatment, resin duct area negatively correlated with tree age in the
tree size was positively related with resin duct size treatment (r = —0.25, p = 0.044; Table 2). When look-
(r=0.22, p = 0.043; Table 2). In contrast, tree age for ing at correlations over the pretreatment (1990-1998)
whitebark pine in both the control and treatment nega- and posttreatment (2003-2011) period separately, we
tively correlated with resin duct production (r = —0.46, observed similar relationships, although the strength of
p < 0.001), duct size (r = —0.22, p = 0.009), and duct area  the relationship between tree growth (RWI and BAI)
(r = —045, p < 0.001), suggesting a decrease in resin duct  and tree age declined in the posttreatment period when
defenses with increased age (Appendix S1: Figure S5). In considering all whitebark pine trees across both the
the treatment, tree age was positively related with both treatment and control (Appendix S1: Table S1).

RWI and BAI (r=0.5, p<0.001; r=0.52, p<0.001, We did not detect any notable differences in the ratio
respectively). In the control, resin duct density was posi- of growth and resin duct metrics following the thinning
tively related to tree age (r = 0.31, p = 0.006), while relative ~ treatments due to growth form (e.g., trees growing
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FIGURE 2 Time series of tree growth (ring width index; RWI)
from 1892 to 2014 and sample depth (gray area; right y-axis) for

20 small diameter (<5 cm dbh) whitebark pine trees sampled in the
treatment. The gray horizontal line represents average growth for
the RWI series. The red shading represents the window of thinning
treatments (1999-2002) that were excluded from our analyses
comparing pre- and posttreatment growth.

isolated versus in clumps/groups) (Appendix S1: Figure S6).
We also did not detect any significant relationships between
stand density (SDI) and whitebark pine physiology over the
pre- and posttreatment period (1990-2011; Appendix S1:
Table S2). However, for the pairs of blister rust diseased/
disease-free whitebark pine trees, we found that over the
pre- and posttreatment time period (1990-2011) resin duct
production and resin duct area were both greater in dis-
eased trees (32% greater duct production: p = 0.041 and
33% greater duct area: p = 0.035, respectively; Appendix S1:
Figure S7).

In relation to climate, we found that whitebark pine
tree growth across both the control and treatment responded
positively to warm season (May-September) average tem-
perature (Control, r = 0.4, p < 0.001; Treatment, r = 0.4,
p < 0.001; Figure 5; Appendix S1: Figure S8). While trees
over both the treatment and control had a similar response
to temperature, trees in the treated areas experienced a
greater increase in radial growth with increased average
temperature in the nine years after treatment (Figure 5).
In contrast, tree growth across both the treatment and
control negatively correlated with precipitation, particu-
larly during the cool season (October of the previous year
through April; Control, r = —0.27, p = 0.003; Treatment,
r = —0.16, p = 0.086; Appendix S1: Figure S8). When looking
at climate relationships over the pre- and posttreatment
periods separately, we found that the strength of relation-
ships between tree growth (RWI), temperature, and precipi-
tation generally declined in the posttreatment period across
both the treatment and control (Figure 5), outside of an
increased positive relationship between September mini-
mum temperature and tree growth for both the treatment
(r=10.69, p = 0.014) and control (r = 0.72, p = 0.009) and

an increased negative relationship between May precipitation
and tree growth in the control only (r = —0.58, p = 0.047;
Appendix S1: Table S3). We also observed a general shift in
correlations for maximum temperature in the posttreatment
period (from positive to negative) in both the control and
treatment, particularly for annual average and warm season
maximum temperature (Appendix S1: Table S3).

DISCUSSION

Thinning whitebark pine stands to reduce competition of
shade-tolerant conifers significantly increased the growth
and resin duct defense characteristics of whitebark pine
trees across the study area (Figures 1-3). In some
instances, the release in both tree growth and resin duct
defenses was dramatic (Appendix S1: Figures S9 and S10),
as was evident from the increase more than two folds
in BAI in treated trees (~22cm? on average
posttreatment) relative to those growing in the control
(~9 cm? on average posttreatment; Figure 3). For the
small diameter (<5 cm dbh) trees sampled in the treat-
ment, the growth release was even more significant,
with a 74% increase in RWI and ~32 cm?® average
growth in the nine years following the thinning treat-
ment (Figure 2; Appendix S1: Figure S10). We specu-
late that the reduction in competition of predominately
subalpine fir following thinning, improved access to
resources conducive to the production of primary and sec-
ondary metabolites (e.g., soil nutrients and better availabil-
ity of sunlight facilitating photosynthesis and carbohydrate
production). In addition, ours is the first study to show that
thinning positively affected resin duct defenses in whitebark
pine. This is an important finding, as the production of
more and larger resin ducts with increased duct area trans-
lates to an improved capacity to produce, store, and mobi-
lize oleoresin, which is the primary defense of whitebark
pine to bark beetles (Hood & Sala, 2015; Kichas
et al.,, 2020, 2021). Additionally, though trees in the
smallest size class (<5 cm dbh) are typically too small to
produce cones, the significant growth release in these
individuals following the thinning treatments provides evi-
dence for maintaining small diameter trees in treatment
prescriptions, where possible.

The observed increase in both growth and resin duct
defenses is in support of our hypothesis and endorses the
use of thinning as an effective management tool within
whitebark pine forests in the GYE. While we did detect
a significant growth and resin duct release in treated
whitebark pine trees, the relatively short time periods used
for our analyses (nine years pre- and posttreatments) likely
fails to fully capture the duration and magnitude of growth
release and change in resin duct morphology for this
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FIGURE 3 Boxplot comparisons of the ratio of (A) resin duct production (number of ducts per year), (B) resin duct size (mean size of

all resin ducts per annual ring; in square millimeters), (C) resin duct area (sum of resin duct size: in square millimeters per year), and

(D) resin duct density (number of resin ducts per square millimeters per year) across the control and treatment. The ratio was calculated as

the average difference between the nine years pre-thinning (1990-1998) and nine years post-thinning treatments (2003-2011), where positive

values reflect increases in post-thinning years compared with pre-thinning years. Boxplots illustrate median (solid line), mean (dashed line),

first and third quartiles (boxes), outliers (small black dots), and range of data (jittered gray dots).

long-lived species. An important caveat to these observa-
tions is that our tree-ring data were collected from live indi-
vidual trees and do not capture stand-level mortality and
growth patterns. The relative abundance of whitebark pine
seedling and saplings can vary, depending on the different
forest types where whitebark pine occurs (Goeking
et al., 2018; Goeking & Izlar, 2018). Based on our 2023 sur-
veys, while both the control and treatment had notable
levels of whitebark pine seedlings, saplings, and trees
(Table 1), we observed striking differences in the relative
abundance of whitebark pine. Relative dominance of
whitebark pine was much higher in the treatment com-
pared with the control for all size classes (77% whitebark
pine in the treatment versus 29% whitebark pine in the con-
trol; Table 1). Regeneration in the control was heavily

dominated by subalpine fir and Engelmann spruce; there-
fore, competition with these shade-tolerant conifers will
likely inhibit whitebark pine seedling and sapling growth
and future establishment of cone-bearing trees. Removal of
competing conifers in the treatment created conditions
favorable to whitebark pine seed caching by Clark’s
nutcracker and seedling establishment while promoting
enhanced growth and defense of preexisting saplings and
trees. We also found that whitebark pine tree mortality was
similar across both the control (26% mortality) and the
treatment (25% mortality), indicating that the thinning
treatments did not have any adverse impacts on tree mor-
tality. The positive effects of thinning on whitebark pine
establishment and tree growth, coupled with the lack of
elevated mortality in the treatment relative to the control,
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production, size, area, and density) for 91 live whitebark pine trees post-thinning treatments (period of analysis: 2003-2011). Ellipses are
95th percentile CIs for each grouping. Arrows illustrate the relative contribution of growth and defense metrics to the ordination.

TABLE 2 Spearman correlation coefficients of whitebark pine tree size, tree age, tree-ring growth, and resin duct anatomical
measurements.
Characteristic RW RWI BAI Production Size Area Density Rel area
Control
Diameter 0.13 —0.08 0.52 0.18 —0.03 0.09 <0.01 —0.04
Age —-0.43 -0.11 —0.13 —0.29 —0.29 —0.35 0.31 0.17
Treatment
Diameter 0.25 0.21 0.88 —0.1 0.22 0.04 —0.44 —0.42
Age —0.11 0.5 0.52 —0.4 —0.03 —0.31 —0.24 —0.25
All whitebark pine trees
Diameter 0.12 0.03 0.63 —-0.02 0.08 0.03 —0.19 —-0.21
Age —0.45 —0.01 0.03 —0.46 —0.22 —0.45 0.12 0.05

Note: Correlations were conducted on metrics averaged over the pre- and posttreatment period (1990-2011). Values in boldface indicate statistical significance
at the a < 0.05 level. Age, total age of trees from outermost rings to pith establishment (in years); RW, ring widths (in millimeters); RWI, ring width index;

BALJ, basal area increment (in square centimeters per year); production, resin duct production (in number of ducts per year); size, resin duct size (in square
millimeters); area, duct area (in square millimeters per year); density, resin duct density (in number of ducts per square millimeter per year); rel area, relative

resin duct area (% annual ring).

provide strong evidence in support of thinning as a viable sil-
vicultural technique in whitebark pine conservation efforts.
We observed an increase in blister rust between 2014
and 2023, with 13% greater blister rust occurrence in the
treated unit, relative to the control (Table 1). It is possible
that reduced stand densities, particularly for non-whitebark
pine trees, within the thinned unit could amplify airborne
transmission of the blister rust pathogen and/or facilitate
regeneration of understory Ribes spp., potentially negating
the seemingly positive benefits of increased growth and

resin duct defenses over time. As our study did not investi-
gate these factors directly, ongoing monitoring and observa-
tional analyses will be necessary in many whitebark pine
stands to better track and understand these patterns and
how they may influence the overall success of restoration
treatments going forward.

The broader study region experienced mountain pine
beetle-caused mortality in lodgepole and whitebark pines
between 2006 and 2011 (USDA Forest Service Forest
Health Protection, 2024). As our sampled trees were
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pretreatment (blue) and posttreatment (red) periods.

mostly too small to be host to mountain pine beetle and
verbenone was applied 2010-2012, we are not able to test
if the observed increase in resin duct defenses and growth
translated to increased survival during the MPB out-
break. However, our 2023 sampling suggests that the
thinning did not reduce overstory (>12.7cm dbh)
whitebark pine mortality during the outbreak (Table 1).
The outbreak began within about five years of the treatment,
and it is possible that trees in the study area did not have
time to fully ramp up growth and defenses. Additionally,
this epidemic outbreak may have overwhelmed the small
treatment area with beetle populations high enough to over-
come defenses of even the most resistant trees. Lastly, we do
not have data on forest plots prior to 2023, and therefore,
our 2023 assessment of forest conditions is relatively small
and not the main focus of the study. With this deficit of ear-
lier baseline information, we may not have a sufficient num-
ber of plots to fully describe forest conditions over the
lifetime of the study. Further research is needed comparing
tree growth, resin ducts, and mortality patterns of all tree
size classes in thinned and un-thinned areas challenged by
bark beetle outbreaks to fully test the efficacy of thinning
treatments in whitebark pine ecosystems.

Interestingly, we found positive relationships with
tree age and tree growth (RWI and BAI) in whitebark
pine trees in both the treatment and control but negative
relationships between resin duct production, duct size,

and duct area with increasing age (Table 2; Appendix S1:
Figure S5). While we did detect a positive relationship
with resin duct density and tree age in the posttreatment
period, this was driven primarily by trees in the control and
was attributable to older trees in the control exhibiting
narrower ring widths, resulting in a higher relative frequency
of resin ducts per annual ring (Table 2; Appendix SI:
Table S1, Figure S5). Whereas trees in the treatment pro-
duced more and larger resin ducts posttreatment, ring widths
were also significantly greater in older trees (due to the
observed growth release post-thinning), resulting in a weaker
relationship between duct density (which is standardized to
tree growth) and tree age (Table 2; Appendix S1: Table S1,
Figure S5). The negative relationship between tree age and
unstandardized resin duct metrics for trees in both the
treatment and control suggests that, despite experiencing
enhanced growth with increasing age, resin duct morphology
generally declines in older trees, potentially translating to a
reduced capacity for defense against bark beetles (Kichas
et al., 2020). While several theories for growth-defense
trade-offs have been posited, the growth-differentiation bal-
ance hypothesis suggests that defenses are increased under
conditions of moderate stress (e.g., nutrient limitation), while
both growth and defenses are limited under extreme stress
(e.g., moderate-to-severe drought) (Ferrenberg et al., 2015,
2023; Moreira et al., 2015; Stamp, 2003). It is possible that
our observations of increased growth but decreased resin
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duct production, duct size, and duct area for older individuals
is reflective of this continuum, whereby adequate
resource availability across the study sites (due to rela-
tively abundant moisture and biologically available
water) has facilitated increased growth with reduced dif-
ferentiation of resin duct defenses for older, mature
trees sampled for our analyses.

Research has found increased mortality in larger
whitebark pine relative to smaller trees in natural,
unmanaged stands throughout whitebark pines native
range due to mountain pine beetles (Goeking &
Izlar, 2018; Simard et al., 2012). Bark beetle-caused mor-
tality in larger trees is more likely under outbreak scenar-
ios, whereas mortality rates are typically higher in
smaller-diameter host trees under endemic beetle pres-
sure (Boone et al., 2011; Shanahan et al., 2016). This is,
in part, because during outbreak conditions the sheer
abundance of beetles can readily overwhelm defenses of
even the most vigorous trees. However, tree size and tree
age are often uncoupled, especially for slow-growing,
long-lived species (Dietrich & Anand, 2019; Piovesan &
Biondi, 2020). For example, the largest trees we sampled
were 25cm, yet many were over 150years old
(Appendix S1: Figure S5). The observed overall increase
in tree growth, resin duct production, duct size, and
duct area in the treatment reflects improved vigor and
an enhanced capacity to defend against bark beetles,
which may offset future beetle-related mortality as these
trees grow to preferred host size. Although, of note,
resin duct characteristics and resin-based defenses are
under genetic control (Moreira et al., 2015; Westbrook
et al., 2015) and, as such, may not respond uniformly
across diverse biogeographic gradients. In addition,
resin chemistry and the composition of oleoresin are
critical factors influencing bark beetle interactions
(Raffa, 2014; Raffa et al., 2005; Smith, 2000). Research
has demonstrated that resin duct anatomy and resin chem-
istry are decoupled, thus presenting beetles with many per-
mutations of anatomical and chemical resin-based defenses
(Kichas et al., 2021; Mason et al., 2019; Raffa et al., 2017).
Further, constitutive resin ducts and resin chemistry are but
one aspect of defense to bark beetles and their fungal sym-
bionts, while induced defenses (e.g., formation of traumatic
resin ducts and changes in xylem and phloem resin chemis-
try upon exposure to beetles and pathogens) are equally
important components of tree defense (Howe et al., 2020).
While our study did not consider induced defenses, our
findings highlight the complexities in understanding the
nuanced relationships of tree growth and defense and
warrant additional research examining resin duct char-
acteristics in whitebark pine at landscape to regional
scales, as well as in pre- and post-outbreak scenarios,
where applicable.

It is also important to consider vulnerability to moun-
tain pine beetle in context with life history requirements
of whitebark pine. Whitebark pine is moderately shade
intolerant and is outcompeted by more shade-tolerant
species such as Engelmann spruce and subalpine fire
(Arno & Hoff, 1989; Tomback et al., 2022). While whitebark
pine can persist in the understory and midstory for many
decades, these smaller statured trees will not produce cones.
Also, whitebark pine infected with blister rust reduces cone
production and seed viability through increased mortality
of cone-bearing branches and observed increases in seed
predation in stands with high blister rust occurrence
(Maloney et al.,, 2012; McKinney & Tomback, 2007;
Tomback et al., 2022). Therefore, it is important
to develop management strategies that can enhance
growth rates while not increasing blister rust infection
to improve the likelihood of recruiting whitebark pines
into the overstory that will more likely produce cones
for improving genetic diversity of the species. Planting
seedlings and breeding individuals for rust resistance
are effective tools in restoration treatments, coupled with
preserving genetic variability within naturally occurring
whitebark pine stands since surviving trees have demon-
strated a capacity to respond to changes in biotic and abiotic
pressures over time (Kichas et al., 2020, 2023). Silvicultural
thinning is an effective strategy in this regard as the genetic
component of whitebark pine is preserved on land-
scapes where whitebark pine populations have natu-
rally established.

We did not detect any significant difference in growth
and resin duct metrics for whitebark pine trees growing in
solo versus clumped formation (Appendix S1: Figure S6).
This may be useful for managers as it suggests that the
observed growth and defense benefits from thinning activi-
ties are not readily influenced by growth form, and thus,
efforts to retain whitebark pine populations using restora-
tion treatments have added flexibility in evaluating optimal
trees for treatment. In addition, we found some evidence
for increased resin duct production and increased duct area
for whitebark pine trees with blister rust, which suggests
that diseased trees are responding to the pathogen with
increased resin-based defenses (Appendix S1: Figure S7).
While resin exudation is a commonly observed symptom of
blister rust infection in whitebark and other five-needle
pines, research quantifying resin duct anatomy and blister
rust susceptibility is limited. Indeed, we are aware of only
one other study that has examined these relationships in
conifers. Holtz and Schoettle (2018) found no difference in
resin duct characteristics between blister rust resistant and
nonresistant limber pine, which is physiologically similar to
whitebark pine. While we did observe increased duct pro-
duction and duct area with blister rust occurrence in
whitebark pine, our sample size is small, and our study was
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not specifically designed to test for these interactions. Given
the importance of resin duct anatomy as a primary defense
against bark beetles and potential synergies of bark beetles
and blister rust contributing to tree mortality (Bockino &
Tinker, 2012; Holtz & Schoettle, 2018; Six & Adams, 2007),
future studies should consider the extent to which blister
rust influences resin duct morphology and if and how resin
duct properties differ between blister rust susceptible and
blister rust resistant trees. This is especially important as
planting of rust-resistant seedlings has been recognized
as a major initiative in whitebark pine restoration
(Tomback et al., 2022) and, to our knowledge, many
breeding programs do not assess resin duct characteris-
tics and resin-based defenses as part of this process.

The observed increase in whitebark pine tree growth
in both the treatment and control beginning around the
year 2000 (Figure 1), coupled with the positive response
of tree growth to warm season temperature (Figure 5;
Appendix S1: Figure S8) suggests that these trees are
responding favorably to enhanced growing season con-
ditions in these high-elevation environments. Whereas
the negative relationships between tree growth and
precipitation, particularly during the cool season, is
likely attributable to the establishment and persistence of
snowpack and increased cloud cover in winter months, lim-
iting photosynthesis and xylogenesis. Similar increases in
tree growth in high-elevation bristlecone pine trees
beginning in the latter part of the 20th century have
been observed across both California and Nevada (Bunn
et al., 2018; Salzer et al., 2009), while Dudney et al.
(2023) and van Mantgem et al. (2023) also reported similar
increases in whitebark pine tree growth in high-elevation,
energy-limited Sierra Nevada populations corresponding
with warmer temperatures. These findings are further
supported by Kichas et al. (2023), who found similar
temperature-driven increases in whitebark pine tree
growth and resin duct morphology in northwestern
Montana, indicating that these are energy-limited rather
than moisture-limited ecosystems. Collectively, these
observations suggest that at least some subalpine envi-
ronments in the Western United States are responding
positively to anthropogenic warming, particularly over
the last 150 years, which has likely facilitated earlier
snowmelt and extended growing season conditions
in these high-elevation environments, resulting in
increased photosynthesis, carbon sequestration, and tissue
formation (ring growth) in historically temperature-limited
ecosystems. The positive growth response of whitebark pine
to regional warming and extended growing season condi-
tions could greatly benefit management activities aimed at
enhancing whitebark pine vigor, as trees are naturally
responding to climatic conditions favorable for growth and
establishment. As noted by Kichas et al. (2023), this trend is

unlikely to continue indefinitely, and at some point
(possibly within the next several decades), these high-
elevation, energy-limited environments will eventually tran-
sition to water-limited systems with ongoing warming and
thus be more susceptible to drought stress and associated
mortality (Dudney et al., 2023). Of note, we observed a gen-
eral weakening of the relationship between tree growth and
warm season average temperature in the posttreatment time
period (Figure 5), as well as a shift in correlations between
tree growth and maximum temperature in the posttreatment
period (from positive to negative; Appendix S1: Table S3).
Although these relationships were not statistically signifi-
cant, they could reflect an upper threshold under which
tree growth is negatively impacted under the highest tem-
peratures in the most recent years of our climate record.
However, the time period of our posttreatment analysis is
relatively short (2003-2014) and as such may not accu-
rately capture the more nuanced aspects of multiyear tree
growth to interannual climate variability. In addition,
warming temperatures, particularly in fall and winter can
promote increased mountain pine beetle activity (Buotte
et al.,, 2016, 2017; Robbins et al., 2022), which may negate
the seemingly potential benefits of enhanced tree growth
and resin duct morphology. On the other hand, resin vis-
cosity is also influenced by air temperature and can more
readily mobilize in warmer versus colder environments
(Perrakis & Agee, 2006; Smith, 2000), although, warmer
and more humid conditions can also increase the likeli-
hood of infection by blister rust (Thoma et al., 2019).
Given these factors, more research is needed to better
understand how management treatments, coupled with
changing climate and disturbance pressures, influence
whitebark pine growth and resin duct anatomy over
longer time periods.

CONCLUSIONS

We found that whitebark pine trees (>12.7 cm dbh) in
our study responded favorably to thinning and experi-
enced a 60% increase in BAI (52% increase in RWI), while
also producing 34% more resin ducts that were 23% larger
with 49% increased area in the nine years post-thinning
compared with trees in the control. Thinning also created
conditions favorable for whitebark pine seedling and sap-
ling establishment, whereby 75% of seedlings and 93% of
saplings in the treatment were whitebark pine, compared
with 32% seedlings and 14% saplings in the control.
Moreover, the absence of increased mortality in the
treated areas strongly supports thinning as a sustainable
silvicultural practice for whitebark pine conservation
efforts. Our findings support reducing conifer competi-
tion in whitebark pine forests where feasible to improve
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growth, resin duct defenses, and regeneration. Additional
research on the effects of various treatments across a
range of diverse environments and ongoing monitoring
of the response of whitebark pine to such treatments
over time is needed.
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