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Abstract

Whitebark pine (Pinus albicaulis) forest ecosystems in California are diverse and unique, yet their current status and condi-
tion are uncertain. Using a combination of geospatial and field plot data, we assessed patterns in the structure, composition,
and health of whitebark pine ecosystems on national forests throughout the state of California to evaluate potential signs
of declining ecosystem integrity. We found whitebark pine ecosystems to be structurally, compositionally, and functionally
distinct among subregions of California, and all subregions displayed some evidence of declining ecological integrity. White-
bark pine forests in northern California exhibited signs of greater stand densification (Cascade-Klamath), potential encroach-
ment by shade-tolerant conifer species (Cascade-Klamath and Warner Mountains), and increased tree mortality associated
with mountain pine beetle outbreaks (Warner Mountains) than elsewhere in California. Whitebark pine stands in the Sierra
Nevada showed signs of stand densification (central Sierra) and localized mountain pine beetle outbreaks (southern Sierra
east). Notwithstanding these negative signs, much of the state’s whitebark pine ecosystems on national forestlands appear to
be relatively healthy and intact compared to more northern latitudes. Active management may be required to restore white-
bark pine ecosystems on national forests in California with declining integrity, including stands experiencing substantial stand
densification, encroachment by shade-tolerant conifers, and mountain pine beetle outbreaks.

Key words: whitebark pine, California, national forests, ecosystem integrity, mountain pine beetle, white pine blister rust

Introduction

Whitebark pine is an important keystone and founda-
tion species in high elevation montane ecosystems of west-
ern North America (Ellison et al. 2005; Tomback and Achuff
2010). In many parts of its range, whitebark pine is threat-
ened by several interacting stressors, including an introduced
fungal pathogen that causes white pine blister rust (Cronar-
tium ribicola), outbreaks of mountain pine beetle (Dendroc-
tonus ponderosae), a century of fire exclusion, and climate
change (Keane et al. 2012, 2017). These stressors have led to
widespread declines in whitebark pine throughout its range,
resulting in the listing of whitebark pine as a threatened
species under the US Endangered Species Act (US Fish and
Wildlife Service 2022). In recent years, several management
strategies have been developed to support whitebark pine
restoration and conservation efforts at regional (focused on
but not limited to U.S. Forest Service regions) and range-wide
scales (e.g., Aubry et al. 2008; Keane et al. 2012), including one
for California (USDI and USDA 2020). These strategies require
sufficient region-specific data sources, including remote sens-
ing and field plot data, to effectively assess the current con-
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dition and future trend of whitebark pine forest ecosystems
at multiple spatial scales. Such information is essential for
identifying regional restoration objectives and priorities for
whitebark pine (Keane et al. 2012; Slaton et al. 2019a).
Whitebark pine ecosystems in California represent a
unique segment of the species’ geographic range, yet rela-
tively few studies have occurred in the region. Populations
in the state occupy four distinct physiographic regions, in-
cluding the Klamath Mountains, Southern Cascades, Basin
and Range (e.g., Warner Mountains and Glass Mountains),
and Sierra Nevada (Griffen and Critchfield 1976). In the Sierra
Nevada, whitebark pine is a genetically distinct and con-
temporary refugial population (Richardson et al. 2002) that
represents the southern range extent of the species (Arno
and Huff 1990). In comparison with other regions, white-
bark pine in California has been relatively less impacted by
stressors such as white pine blister rust and mountain pine
beetle outbreaks (Nesmith et al. 2019; Slaton et al. 2019a;
Jules et al. 2020), although these stressors have become more
apparent in recent years, especially in more northern lati-
tudes of the species’ range (e.g., Maloney et al. 2012; Millar
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et al. 2012; Jackson et al. 2019). Whitebark pine communi-
ties in California often contain different species than other
parts of the range (e.g., Rocky Mountains and Northern Cas-
cades), including foxtail pine (Pinus balfouriana), limber pine
(Pinus flexilis), western white pine (Pinus monticola), Sierra ju-
niper (Juniperus grandis), red fir (Abies magnifica), white fir (A.
concolor), or Jeffrey pine (Pinus jeffreyi) (Sawyer et al. 2009;
Meyer and North 2019; Coppoletta et al. 2021). Mixed stands
of whitebark pine and Sierra lodgepole pine (Pinus contorta
ssp. murrayana) are especially common throughout the re-
gion (Slaton et al. 2019a; Sawyer et al. 2009). Shade-tolerant
subalpine species such as subalpine fir (A. lasiocarpa), Engel-
mann spruce (Picea engelmannii), and Douglas-fir (Pseudotsuga
menziesii) which commonly co-occur with whitebark pine in
more northern latitudes, are conspicuously absent in white-
bark pine forests of California (Goeking and Izlar 2018), al-
though mountain hemlock (Tsuga mertensiana) is a frequent
associate of whitebark pine communities in parts of the state
(Sawyer et al. 2009). Whitebark pine occurs as a dominant
or codominant subalpine conifer at much higher elevations
in California than elsewhere, often at elevations exceeding
2500 m in the southern Cascades and 3000 m in the Sierra
Nevada (Arno and Hoff 1990). Additionally, above 3500 m el-
evation in the Sierra Nevada, whitebark pine often occurs
in a broad, contiguous zone of monotypic, krummbholz veg-
etation, especially on exposed sites near treeline, whereas
this zone is narrower and more scattered in other parts
of the range (Miller et al. 2020). Historical (i.e., pre-Euro-
American colonization) fire regimes in Californian whitebark
pine and other high elevation white pine forests may be no-
tably different than elsewhere, with generally lower severity
fire effects and possibly shorter fire return intervals evident
in the Sierra Nevada than stands from more northern lati-
tudes (Meyer and North 2019), a pattern observed in other
high elevation forest types in California (e.g., Merriam et al.
2022).

Despite this distinctiveness of California’s whitebark pine
forests, these ecosystems have received scant attention in the
scientific literature until recently (Slaton et al. 2019a; Jules
et al. 2020). Plot-scale analyses of whitebark pine in Califor-
nia have often been confined in spatial extent to individual
study sites (e.g., Meyer et al. 2016) or focused on specific
management units such as national parks (e.g., Jackson et
al. 2019; Nesmith et al. 2019, Dudney et al. 2020), resulting
in few subregional comparisons or larger scale analyses. Re-
gional analyses of whitebark pine forests in California are
limited to subregional patterns in disturbance agents and
stand densities (Slaton et al. 2019b), white pine blister rust
occurrence (Maloney 2011) and environmental correlations
(Dunlap 2012), and recent tree mortality patterns based on
aerial detection survey (ADS) data (Millar et al. 2012). Collec-
tively, these studies suggest increasing signs of pathogens,
insect outbreaks, and drought stress (the latter two stressors
often associated with climate change) that may be negatively
impacting the integrity of whitebark pine and other high ele-
vation forest ecosystems in California (Meyer and North 2019;
Coppoletta et al. 2021).

Ecosystem integrity is the state of an ecosystem whereby
dominant structural and compositional components are

similar to reference conditions (i.e., relatively undisturbed
ecosystems that are within the historical range of variability,
including both historical and contemporary reference infor-
mation) and can sustain normal ecosystem functioning in re-
sponse to perturbations and stressors (SER 2004; Palmer et
al. 2016). Although the concept of ecological integrity has
its limitations (e.g., applicability for highly altered ecosys-
tems, incorporating climate change impacts), it does pro-
vide an operational framework for land managers to evaluate
and monitor the condition and trend of targeted ecosystems
(Wurtzebach and Schultz 2016). For whitebark pine ecosys-
tems, signs of declining ecological integrity in whitebark pine
ecosystems may include elevated mountain pine beetle and
white pine blister rust occurrence, high climate exposure
(i.e., degree of climatic change), and altered fire regimes (e.g.,
current fires burning too infrequently relative to the his-
torical fire frequency) which has led to increased stand
densification, landscape homogenization, encroachment by
shade-tolerant conifers (e.g., mountain hemlock, fir species),
and drought stress (Aubrey et al. 2008; Keane et al. 2012, 2017;
Dolanc et al. 2013). Whitebark pine ecosystems that experi-
ence precipitous declines in ecological integrity can disrupt
many fundamental ecological processes of high elevation
landscapes (Ellison et al. 2005) and are often considered pri-
ority areas for forest restoration (Aubrey et al. 2008; Keane et
al. 2012). In contrast, whitebark pine ecosystems with a high
degree of ecological integrity exhibit structural (e.g., stand
density) and functional (e.g., fire regime) elements within
the historical range of variability (Keane et al. 2009, 2012).
This includes a low incidence of insects and pathogens, suf-
ficient natural regeneration dominated by whitebark pine,
limited shade-tolerant conifer encroachment, a prevalence of
low to moderate density stands across the landscape, and
diverse seral and structural classes at landscape scales (in-
cluding the presence of krummholz growth form at high ele-
vations) (Tomback et al. 2001; Keane et al. 2012; Hansen et al.
2016). Additionally, whitebark pine and other forest ecosys-
tems that are anticipated to maintain high integrity in re-
sponse to climate change have limited climate exposure (i.e.,
lower degree of anticipated climatic change), ample climate
refugia for persistence or expansion, and a high proportion
of their geographic range within reserves or protected areas
(e.g., wilderness, federal lands) that limit the effect of anthro-
pogenic stressors (Swanston et al. 2012; Hansen et al. 2016;
Keane et al. 2017).

The purpose of our study was to evaluate whether there
are signs of declining integrity in whitebark pine forest
ecosystems of California’s national forests based on indica-
tors of ecosystem structure, composition, and health (e.g.,
shade-tolerant conifer encroachment, elevated stand densi-
ties, and high levels of tree mortality due to insects and
pathogens). We used a comprehensive network of field
plot and geospatial data focused on national forest lands
in California for our evaluation of whitebark pine ecosys-
tem integrity. We evaluated current conditions and poten-
tial subregional differences in each indicator to investigate
broader geographical patterns in ecological integrity and
stressors in whitebark pine forests of California’s national
forests.
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Fig. 1. Map of whitebark pine geographic range, subregions of occurrence, and plot locations (244 total) in California. The Glass
Mountains in the southern Sierra Nevada east subregion is indicated by the arrow. Whitebark pine range map in California is

based on USDA Forest Service (2020a) and western North Ame
Restoration Plan (2019).
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Methods

Study area and plot selection

Our study area included the entire geographic range of
whitebark pine on National Forest system land within the
state of California, including five major subregions iden-
tified and mapped in Slaton et al. (2019a) and USDA For-
est Service (2020a): (1) Cascade and Klamath Mountains, (2)
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Warner Mountains, (3) central Sierra Nevada, (4) southern
Sierra Nevada west, and (5) southern Sierra Nevada east (Fig.
1). We based these subregions on distinct physiographic units
in California that represent major changes in biophysical fea-
tures (i.e., geology, geomorphology, soils, and climate) and
vegetation (Barbour et al. 2007; Graham and O’Geen 2016).
We further split the Sierra Nevada into three subregions
to emphasize differences in precipitation and temperature
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gradients associated with recent tree mortality patterns and
white pine blister rust incidence in California (Dunlap 2012;
Young et al. 2017). We also included nine plots from the Glass
Mountains in the southern Sierra Nevada east subregion as a
matter of convenience (the Glass Mountains are in the Great
Basin province) and due to its proximity to and connectivity
and biophysical similarity with the southern Sierra Nevada
east (Fig. 1). Similarly, we combined the Cascade and Klamath
Mountains (which are separate and distinct ranges) into one
subregion, because of their proximity, connectivity, biophys-
ical similarity, and our relatively small sample size per range.

Our dataset consisted of whitebark pine stands spatially
delineated as polygons as described in USDA Forest Service
(2020a), including a total of 12 926 polygons ranging from
0.01 to 1044 ha in size (Fig. S1). Though variable in size,
each polygon represents a vegetation stand with relatively
uniform topography and climate, as a result of the original
process used to delineate them, which was based on a
combination of Landsat-based classification and heads-up
digitization (USDA Forest Service 2020a). We then selected
topographic and climatic variables widely recognized as po-
tential drivers of species’ distributions, including that of
whitebark pine: latitude, elevation, slope, topographic po-
sition, and potential evapotranspiration (PET). Latitude and
elevation are correlated to precipitation and temperature at
broad geographic scales, and slope, topographic position, and
PET are generally related to incident radiation, temperature,
and snow and moisture retention at the stand scale (Millar
et al. 2012; Thorne et al. 2016; Cartwright 2019). We omitted
other variables (e.g., temperature, precipitation, and aspect)
that exhibited autocorrelation with our selected topographic
and climate variables. We summarized values for each of the
four selected variables (latitude, elevation, slope, topographic
position, and PET) at the polygon level, binned these values
into four classes of equal size, and used them to stratify sam-
pling across the study area. We used a 30 m digital elevation
model to create a raster for topographic position index (land-
scape concavity or elevation relative to the mean elevation
of the surrounding landscape using ArcGIS 10.3 Topography
Tools and a 500 m radius). We obtained PET (i.e., evapora-
tive demand; PET; 270 m resolution) from the Basin Char-
acterization Model (BCM) as modeled for years 2010-2039
under the A2 climate scenario (Flint and Flint 2014). The BCM
dataset was selected for its good performance in moun-
tainous terrain, and multi-year projected averages that en-
compassed our entire sample period (Flint et al. 2013). We
categorized each variable into three classes (low, moderate,
and high) to ensure field sampling would capture a wide
range of environmental conditions, which resulted in 25
stratification units (two stratification units at high latitude
and high PET did not occur in our study area and were
dropped from further consideration). We then selected ten
random polygons from each stratification group using the
subset features tool in Geostatistical Analyst ArcGIS 10.1, giv-
ing all polygon sizes an equal probability of selection. When
a stratification group contained less than 10 polygons (strati-
fication groups 22, 23, 24, and 25), all polygons were selected.
We randomly prioritized the order of sampling of these poly-
gons within each stratification group.

As compared to an area-weighted approach, this method
ensured that smaller stands, which may represent ecologi-
cally unique settings in species composition or biophysical
environment, had an equal chance of being included in our
field sampling. Our aim was to represent the broad ecologi-
cal diversity of whitebark pine forests, rather than only em-
phasize the most common types. We chose to sample at least
three polygons per stratification group, but accessibility con-
straints resulted in limited samples for some (stratification
groups 2, 3, 5, 9, and 17; Table S1). Within each randomly se-
lected polygon, we sampled two-five plots, with the first es-
tablished at least 16.1 m (the plot radius length) beyond the
initial whitebark pine encountered within the polygon. Inac-
cessible and exceptionally steep terrain typically precluded
randomized plot placement, and we selected locations to be
representative of the stand structure dominant within the
polygon (i.e., we avoided areas with atypical slope breaks or
shallow soils lacking vegetation cover for respective polygons
and targeted the most common stand structural conditions).
Each plot was separated by at least 50 m. In cases where
whitebark pine was not found within a mapped polygon, we
established plots in the closest site available. In some cases
where neighboring sites were unavailable, we selected a new
polygon from the stratification unit.

Field plot data collection

We surveyed whitebark pine stands in our study area pri-
marily between June and September 0f 2016-2019 (in the cen-
tral Sierra, 2 plots were surveyed in 2013 and 17 plots were
surveyed in 2014). We initially established a total of 39 cir-
cular plots (12.6 m radius; 0.05 ha) using a stratified random
sampling design across several subregions of California. In
2019, we increased circular plot size to 16.1 m radius (0.08 ha)
and established an additional 205 plots with our stratified
random sampling design; we did not detect a noticeable ef-
fect of plot size on measured stand variables. The larger plot
size increased the utility of the dataset for validating and cal-
ibrating remote sensing products for planned future studies
(Landsat satellite data are 30 m pixels) and increased the like-
lihood that plots included adequate stem numbers to accu-
rately represent stand structural variability.

In addition to our random plots, we included 66 plots sys-
tematically established over elevational and latitudinal gra-
dients in the southern Sierra Nevada east, central Sierra, and
Warner Mountains to capture a wider range of environmen-
tal variation described in a related study in progress by the
US Forest Service Region 5 Remote Sensing Lab (personal
communication, M. Slaton). The establishment process, time
frame, data collected, and general stand conditions were the
same for random and systematic plots as well as 0.05 and
0.08 ha plots (with the exception of time frame as noted
above).

Our complete sampling strategy (random and system-
atic plots) resulted in 25 plots established in the Cascade-
Klamath, 22 plots in the Warner Mountains, 26 plots in the
southern Sierra Nevada west, 59 plots in the central Sierra
Nevada, and 112 plots in the southern Sierra Nevada east,
for a total of 244 sample plot locations across our study area
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(Fig. 1). We allocated greater sampling effort in the Sierra
Nevada (81%), which accounts for approximately 91% of the
area occupied by whitebark pine in California and much of
the variation in biophysical variables we used to define our
sampling strata (as supported by the higher number of strata
in the Sierra Nevada). Most plots were located on moder-
ately steep slopes on all aspects, including north-facing slopes
(32%), south-facing slopes (28%), west-facing slopes (21%), and
east-facing slopes (18%).

Within the entire area of each plot, we recorded site at-
tributes (e.g., slope, aspect, geographic coordinates), vegeta-
tion cover (ocular estimates of live and dead canopy cover,
live shrub and herb cover, dominant understory species),
ground cover (e.g., bare ground and rock cover), and stand
variables. We also recorded the attributes of all trees > 7.6 cm
diameter at breast height (dbh, 1.37 m), including species, sta-
tus (live or dead), dbh, number of stems per cluster (defined
as <1 m of the base of a neighboring stem), % live crown (i.e.,
compacted live crown), the presence of small (dbh, <7.6 cm)
presumptive “clonal” stems arising from a cluster (i.e., of-
ten an underground branch extending more or less hori-
zontally from a central point through “layering”), mountain
pine beetle attack severity, years since beetle attack (up to
4 years based on degree of crown discoloration, dead needle
and branch retention, and pitch tube condition), cone abun-
dance rating (0, O cones; 1, 1-10 cones; 2, 11-100 cones; 3,
>100 cones; representing current year cone production), and
evidence of other insects and pathogens (recorded for live
and dead trees). We distinguished high-elevation white pine
species in subregions with overlapping distributions based
on readily observable field characteristics (e.g., cone mor-
phology, needle margin features, and bark coloration and
pattern). We recorded the presence of white pine blister rust
if a bole or branch contained aecia. During data analysis,
we further identified white pine blister rust if at least two
primary symptoms of infection were observed (i.e., cankers,
branch swelling, conspicuous dead “flagged” branches, and
gnawing of bark). We estimated mountain pine beetle attack
severity for each tree based on Meyer et al. (2016): 0, no ev-
idence of attack; 1, few pitch tubes; 2, moderate number of
pitch tubes with limited spatial extent on bole; and 3, many
pitch tubes spread throughout bole. We calculated live and
dead tree density and basal area based on full stem inven-
tories of each plot. We estimated the proportion of white-
bark pine tree crowns with crown loss (foliage browning or
chlorotic needles) that we suspected was caused by moisture
stress, insects, or pathogens as the proportion of dead (yel-
low, red, or gray), or dropped (missing, as evident from small
branches without needles, or leaf-less fascicles remaining on
stem) foliage relative to the total crown. We identified small,
whitebark pine presumptive clonal stems based on their im-
mediate proximity to tree clusters (distance, <1 m), basal
stem angle (directed horizontally toward tree cluster), or ev-
idence of physical underground connection to neighboring
tree clusters. Within each plot, we recorded attributes of all
seedlings (height <1.37 m) and saplings (height >1.37 m; dbh
<7.6 cm), including species, status (live or dead), estimated
age class of seedlings (0—4 years age and > 5 years age, based
on whorl counts and bud scars), number of stems per cluster
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(defined as <10 cm of the base of a neighboring seedling or
sapling stem), and evidence of insects or pathogens.

We sampled surface fuels in each plot using the planar-
intercept method (Brown 1974) based on the following tran-
sect lengths: 3.3 m for 1 and 10 h fuels (0-0.64 and 0.65-
2.54 cm in diameter), 7.6 m for 100 h fuels (2.55-7.62 cm), and
11.3 m for 1000 h fuels (i.e., coarse woody debris; >7.62 cm).
We estimated litter and duff depth at two points and over-
all surface fuel depths at three points along four transects
per plot, each oriented in a separate cardinal direction. We
counted the number of plots with either krummbholz white-
bark pine trees (>1 stem; characterized by curved or twisted
stems, typically parallel to and touching the ground surface
for at least a portion of its length) or > 20 regeneration
(seedlings and saplings) stems and a mean tree height approx-
imately <3 m (maximum tree height <12 m) to estimate the
proportion of plots characterized by krummbholz. We selected
these thresholds following inspection of plot photographs
and testing numerous structural attribute summaries, with
the purpose of facilitating summaries of two broad cate-
gories of plot structures, namely those generally character-
ized by krummholz mats or layers as opposed to upright
trees. Within each plot, we used the presence of fire scars on
one or more trees and naturally charred coarse woody debris
as evidence of past fire activity, and the deposition of mas-
sive rocks and woody debris and presence of tree breakage
or uprooting in runout zones as evidence of past avalanche
activity.

Geospatial data

We evaluated regional patterns in the land ownership, land
designations, fire activity, and health of whitebark pine us-
ing geospatial data sources specific to California. We es-
timated the total mapped area of whitebark pine (USDA
Forest Service 2020a) occurring within specific land owner-
ships (e.g., national forests and national parks), land desig-
nations (wilderness, inventoried roadless areas, and research
natural areas), and developed recreation sites (includes ski
areas, campgrounds, and trailheads), accounting for areas of
overlap (i.e., some research natural areas occur in wilder-
ness) based on publicly available data (USDA Forest Service
2020b). We also estimated the total burned area since 1945
(75 years of data) within the mapped area of whitebark pine
using the USFS Region 5 Fire Return Interval Departure data
(Safford et al. 2015; excludes fires <4 ha), combining neigh-
boring areas burned more than once in separate years to
avoid double counting areas of overlap. We used USFS ADS
data (USDA Forest Service 2019) to estimate the proportional
area of mapped whitebark pine containing white pine blis-
ter rust and mountain pine beetle detections (2008-2019), in-
corporating all mortality agent classes (primary, secondary,
or tertiary). ADS polygons represent forested areas of recent
tree mortality delineated by aerial observers covering pre-
determined flight paths, which may include opportunistic
ground-based field surveys to verify mortality agents (USDA
Forest Service 2019). Due to the irregularity of ground-based
field surveys, many ADS mortality agents may be unverified
in the field outside of aerial observations, leading to potential
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Table 1. Primary indicators and evaluating evidence of declining and high ecological integrity
in whitebark pine ecosystems on national forests in California.

Indicator of ecological integrity

Evaluating evidence

Declining ecological integrity
Shade-tolerant conifer encroachment
Tree densification*
Elevated mountain pine beetle activity
Increased white pine blister rust incidence

High climate exposuresx
High ecological integrity
Low fire regime departurex
Climate refugia presentsx
Sufficient small stem densities
High percentage of range in protected areas

This study; Dolanc et al. 2013, 2014; Jackson et al. 2019
This study; Dolanc et al. 2013, 2014
This study; Millar et al. 2012; Meyer et al. 2016

This study; Maloney 2011; Jackson et al. 2019; Nesmith
et al. 2019; Dudney et al. 2020

Warwell et al. 2007; Thorne et al. 2016

Safford and Van de Water 2014
Warwell et al. 2007; Thorne et al. 2016
This study

This study

*Evidence of tree densification, climate exposure, low fire regime departure, and climate refugia are also documented in
studies summarized in Meyer and North (2019) and Coppoletta et al. (2021).

misidentifications. Additionally, ADS surveys with limited or
inconsistent spatial coverage may fail to detect areas of re-
cent tree mortality, which may result in the failure to detect
insect or pathogen occurrence (i.e., false negatives), or may in-
correctly assign mortality polygons to areas with non-lethal
canopy loss (i.e., false positives) in whitebark pine stands (M.
Slaton, personal observation). Despite technical challenges
with accurately mapping tree mortality, the ADS dataset is
the corporate data product currently used for forest health
reporting by national, state, and private entities, and it is fre-
quently used to evaluate large scale patterns in tree mortality
in California (e.g., Young et al. 2017).

Data analysis and evaluation criteria

We computed plot-based summary statistics for whitebark
pine for each subregion in California and for the entire state
(representing national forestlands only). We calculated the
frequency of tree species occurrence based on the tally of all
live stems > 7.6 cm dbh in plots. Tree regeneration estimates
included seedlings (<1.37 m height) and saplings (<7.6 cm
dbh) but excluded small diameter (<7.6 cm dbh) presumptive
clonal stems arising from a tree cluster. In comparison, small
stems estimates included seedlings, saplings, and small diam-
eter presumptive clonal stems. Unlike seedings and saplings,
clonal stems (excluding krummholz) are oriented more hor-
izontally, often structurally more homogeneous (i.e., similar
size class distribution), and spatially associated with (i.e., aris-
ing from) mature stems within a cluster (Meyer et al. 2016,
Slaton et al. 2019b). Both regeneration (i.e., product of sex-
ual reproduction) and small stems (i.e., sexual reproduction
and clonal generation) provide important insights in future
forest recruitment patterns that influence the composition,
structure, and resilience of whitebark pine stands.

Our evaluation criteria and corresponding evidence for
whitebark pine ecosystem integrity were based on several
important indicators (Table 1). We identified shade-tolerant
conifers in whitebark pine forests of California (i.e., moun-
tain hemlock, white fir, red fir, western hemlock, and noble
fir) based on information summarized in Meyer and North

(2019) and Coppoletta et al. (2021). Subregions with evidence
of potential shade-tolerant conifer encroachment in white-
bark pine stands had a high proportion (>50%) of shade-
tolerant species by frequency or density in the smaller size
classes (i.e., <7.6 cm diameter). We based tree density thresh-
old values that exceeded the historical range of variation
(HRV) on mean =+ 2 standard deviations values summarized
for Sierra Nevada and Cascade-Klamath subalpine stands in
Meyer and North (2019) and Coppoletta et al. (2021), respec-
tively. We used mean tree densities (live + dead) of high
mortality stands (i.e., those experiencing mountain pine bee-
tle outbreaks) documented in Meyer et al. (2016) as thresh-
old values associated with elevated risk of mountain pine
beetle attack in Sierra Nevada whitebark pine stands. We
used ADS data to detect elevated mountain pine beetle ac-
tivity and to characterize more frequent outbreak conditions
across a subregion. Subregions with increased white pine blis-
ter rust incidence based on ADS or field plot data contained
a higher relative frequency of white pine blister rust occur-
rence in whitebark pine compared to other subregions in Cal-
ifornia. We identified subregions of high climate exposure
and climate refugia based on published climate model projec-
tions for whitebark pine in California and elsewhere, where
range contraction was expected to exceed 90% (climate expo-
sure) or whitebark pine is projected to persist as extensive
and contiguous ecosystems within high-elevation landscapes
(climate refugia) by the end of the 21st century. Low fire
regime departure was indicative of whitebark pine ecosys-
tems within a subregion where the current fire return inter-
val and fire severity patterns were relatively similar to the
historical reference (i.e., HRV) condition, especially compared
to other lower-elevation forest types. We consulted agency
guidance in revised land management plans for national
forests in California to identify surface fuel load thresholds
for high elevation stands (USDA 2022). We used whitebark
pine reforestation guidelines in the western USA based gen-
erally on reference stands (i.e., Shoal et al. 2008; Keane et al.
2012, McCaughey et al. 2009) to establish a threshold density
of regenerating whitebark pine (>247 small stems/ha). We
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Table 2. Percent of whitebark pine distribution among California’s subregions (all land ownerships) and % of distri-
bution within a subregion with signs of mountain pine beetle, white pine blister rust, and fire occurrence based on
geospatial and aerial detection survey data (national forest lands only). The total number of installed field plots for

each subregion is provided in the last column.

Whitebark pine Mountain pine White pine blister Wildland fire Number of field
Subregion distribution (%)* beetle (%)" rust (%) (%)t plots
Cascades-Klamath 2(8) 44 0 0.9 25
Warner Mountains 7 (0) 75 0 3.9 22
Central Sierra 12 (0) 14 0.1 0.6 59
Southern Sierra—West 40 (71) 16 0 0.1 26
Southern Sierra—East 39 (0) 22 0 0.7 112
Total (statewide) 100 (29) 26 0.02 0.9 244

*Percent of the total statewide area (all land ownerships) of whitebark pine attributed to each subregion. The % of whitebark pine distribution attributed to
other lands besides national forests (i.e., national parks) within a subregion is provided in parentheses.

fBased on aerial detection survey data (2008-2019).
#Based on fire return interval departure geospatial data (1945-2019).

arbitrarily considered subregions with a majority (>50%) of
plots exceeding this threshold value to have sufficient natu-
ral regeneration indicative of resilient whitebark pine ecosys-
tems with relatively high ecological integrity. We identified
protected areas based on wilderness and inventoried roadless
area boundaries or federal land ownerships.

Results

Statewide indicators based on geospatial data

Approximately 91% of whitebark pine in California (all land
ownerships) occurs in the Sierra Nevada (79% occurs in the
southern Sierra Nevada), with relatively smaller and more
isolated populations occurring in the Cascade-Klamath and
Warner Mountains (Table 2). Seventy-one % of the distribu-
tion of whitebark pine in California occurs on National For-
est lands, with the remaining 29% on National Park Service
lands primarily in the Southern Sierra west (Table S2); only
0.09 ha (<0.001%) of whitebark pine stands in the state were
located on private or state lands or lands administered by an-
other federal agency. The vast majority (94%) of California
whitebark pine occupies protected areas with limited man-
agement opportunities including wilderness (81%), invento-
ried roadless areas (13% excluding overlap with wilderness),
and research natural areas (0.5%) (Table S3). Of the three re-
search natural areas that contain whitebark pine in Califor-
nia, only the Harvey Monroe Hall research natural area in
the southern Sierra east (one of the first established research
natural areas in California) was designated specifically to pro-
tect whitebark pine and other mixed subalpine forests as tar-
get elements (Cheng 2004). Developed recreation sites occur
in approximately 1.5% of whitebark stands, with nearly all
of these sites (98%) located in four developed ski areas (i.e.,
Heavenly, Mammoth Mountain, June Mountain, and Mount
Rose).

Between 2008 and 2019, ADSs detected mountain pine bee-
tle related tree mortality in 26% of whitebark pine stands
on national forests in California (Table 2). Mountain pine
beetle-related mortality occurred in all subregions but was
most prevalent in the Warner Mountains. Since 2008, aerial
surveys detected 17 ha of white pine blister rust in white-

Can. J. For. Res. 00: 1-15 (2023) | dx.doi.org/10.1139/cjfr-2022-0189

bark pine stands located within national forests of Califor-
nia (0.01% of the statewide range), with all records located
in the central Sierra subregion (recorded in 2015 and 2016).
Seventy-six % of these hectares also contained records of
mountain pine beetle activity. Over the past 75 years, 1296 ha
of whitebark pine in the state’s national forests has burned
(<1% of the statewide range), and < 1% of burned white-
bark pine stands have experienced two fires during this
period.

Field plot indicators: species composition

Whitebark pine plots were located in high elevation sites
across all subregions of California’s national forests, gener-
ally between 2400 and 3150 m elevation (Table S4). Statewide,
approximately 40% (range: 33%-46%) of field plots with for-
est cover (excludes plots lacking stems classified as trees)
contained whitebark pine trees exclusively, and 75% of plots
(range: 65%-86%) were dominated by whitebark pine (>50% of
trees were whitebark pine). The most common tree species as-
sociated with whitebark pine, in order of relative frequency,
included lodgepole pine, white fir, western white pine, red
fir, and mountain hemlock (Table 3); 94% of lodgepole pine
occurrences and 100% of western white pine occurrences
were from the Sierra Nevada, 63% of white fir occurrences
were from the Warner Mountains, and 60% of red fir oc-
currences were from the Cascade-Klamath. Less common
associates included Jeffrey pine, aspen (Populus tremuloides),
foxtail pine, limber pine, ponderosa pine (Pinus ponderosa),
western hemlock (Tsuga heterophylla), Sierra juniper, and curl-
leaf mountain mahogany (Cercocarpus ledifolius). Noble fir
(Abies procera) regeneration was also detected in a single plot
in the Cascade-Klamath. Whitebark pine stands included
greater frequencies of lower montane species (i.e., white fir,
ponderosa pine) in the Warner Mountains, more upper mon-
tane species (i.e., red fir and Jeffrey pine) in the Cascade-
Klamath, and greater frequencies of lodgepole pine and
western white pine in the Sierra Nevada. Mountain hem-
lock and limber pine were detected in plots from the Sierra
Nevada but were absent from plots in other subregions. Fox-
tail pine was detected in plots from the southern Sierra
Nevada and Cascade-Klamath only.
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Table 3. Percent frequency of tree species associated with whitebark pine stands among California’s subregions based on field

plot data*.

Lodgepole White Western Mountain  Jeffrey Foxtail Limber Ponderosa Western
Subregion pine fir white pine Red fir hemlock pine Aspen pine pinef pine hemlock
Cascade-Klamath 21 8 0 42 0 13 0 8 0 0 13
Warner Mountains 0 50 0 0 0 0 5 0 0 15 0
Central Sierra 30 2 16 4 11 5 0 0 2 0 0
Southern Sierra—West 62 0 5 0 0 0 0 5 0 0 0
Southern Sierra—East 48 4 6 4 3 5 1 4 0 0
Statewide 37 8 7 7 4 3 2 2 1 1

*Species with < 1% statewide occurrence were not included (i.e., curl-leaf mountain mahogany, Sierra juniper).
T67% of limber pine occurrences in the southern Sierra east were in the Glass Mountains.

Table 4. Frequency of occurrence of small stems (includes seedlings, saplings, and presumptive clonal stems < 7.6 cm
dbh) by species group* within stand inventory plots and percentage of plots containing small whitebark pine stems

only within whitebark pine stands by subregion.

Whitebark pine Shade tolerant species Whitebark pine
Subregion (%) (%)t Other pines (%) only (%)
Cascade-Klamath 96 60 32 28
Warner Mountains 86 41 14 45
Central Sierra 100 19 37 53
Southern Sierra—West 100 15 81 15
Southern Sierra—East 100 11 51 42
Statewide 98 21 45 41

*Does not include aspen (occurs in 3% of plots), Sierra juniper (2%), and curl-leaf mountain mahogany (<1%).
TShade tolerant species and their statewide frequency include red fir (9%), mountain hemlock (7%), white fir (6%), western hemlock (0.4%), and noble fir

(0.4%).

fOther pines column (and statewide frequency) includes lodgepole pine (36%), western white pine (7%), Jeffrey pine (5%), limber pine (3%), foxtail pine (2%),

and ponderosa pine (2%) but excludes whitebark pine.

Within small stem classes (includes seedlings, saplings,
and clonal stems < 7.6 cm dbh), shade-tolerant conifers had
the highest occurrence and relative density in the Cascade-
Klamath and Warner Mountains and lowest in the Sierra
Nevada (Table 4; Fig. 2). The proportion of plots where shade-
tolerant conifers dominated (i.e., >50% of stems by density)
also was greatest in the Cascade-Klamath and Warner Moun-
tains (36% of plots in both subregions) compared to the Sierra
Nevada (<3% of plots). Small stems of other pines (excluding
whitebark pine; 65% attributed to lodgepole pine) were gen-
erally higher in the Sierra Nevada than other subregions and
had relatively low proportional density statewide. A total of
79% of small stems were attributed to seedlings and saplings
statewide (range: 70%-93% by subregion). Small stem densi-
ties were highest in the southern Sierra east and Cascade-
Klamath, and 66% of plots exceeded 247 small stems per ha
statewide (Fig. 2; Table S5). Only a single plot (0.4% of total)
lacked small stems of any conifer species. Statewide, 96% of
clonal stems, 50% of seedlings, and 70% of saplings were at-
tributed to whitebark pine. Whitebark pine small stem den-
sities were abundant in all subregions, except the Warner
Mountains (low densities of whitebark pine regeneration and
clonal stems) and the Cascade-Klamath (low clonal stem den-
sities) (Table S5).

Field plot indicators: stand health and structure
Sign of mountain pine beetle, white pine blister rust,
and recent fire activity was infrequently encountered within
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field plots (Table 5). At the subregional scale, the percent-
age of whitebark pine trees attacked by mountain pine bee-
tle ranged from 1.7% to 2.9%, with the highest percentage
in the Warner Mountains. At the state level (all subregions
combined), approximately 2% of plots contained signs of ele-
vated mountain pine beetle activity (>25% of trees attacked)
primarily between 2016 and 2019 (2% of observations were
from 2014), and attacked trees averaged 12 cm in diameter
(range: 8-30 cm). White pine blister rust was observed in
low frequencies in the Cascade-Klamath and central Sierra
but was not detected in plots from other subregions of Cal-
ifornia. Evidence of recent fire was detected in 7% of white-
bark pine plots statewide, with most records of fire from the
Warner Mountains and southern Sierra Nevada. Only 0.8%
of plots representing two locations in the southern Sierra
Nevada west exhibited signs of prior avalanche activity. The
mean percentage of trees that recently died (<7 years; 75%
were whitebark pine) ranged from 4 to 6% among subre-
gions of California (Table 5). Seventy-six % of recently dead
trees of all species and 74% of recently dead whitebark pine
trees were associated with mountain pine beetle activity,
and 10% of these trees exhibited signs of white pine blister
rust.

Tree densities were generally higher in the Cascade-
Klamath and central Sierra subregions of California, but else-
where tree densities averaged between 208 and 311 trees per
ha (Table 6). A greater percentage of plots in the Cascade-
Klamath and the central Sierra contained tree densities that
exceeded the upper limit of HRV for subalpine forest stands
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Fig. 2. Mean + standard error small stem densities (No./ha, includes seedlings, saplings, and presumptive clonal stems <7.6 cm
dbh) and their proportional representation by species group (provided in Table 4) among subregions of California. See Table
S5 for densities of whitebark pine small stems by size and structure class.
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Table 5. Mean + standard error percentage of whitebark pine trees exhibiting signs of mountain pine beetle attack
or white pine blister rust, percentage of trees (all species > 7.6 cm dbh included) that recently died (<7 years), and
percentage of plots showing signs of prior fire activity based on field plots only.

Whitebark pine trees (%) Plots (%)

Subregion Mountain pine beetle White pine blister rust Recent tree mortality Wildland fire
Cascade-Klamath 1.7+13 3.2+3.2 39+138 0
Warner Mountains 29+1.5 0 5.8 £2.7 12
Central Sierra 1.7+ 0.7 23+t14 41+13 2
Southern Sierra—West 23+1.3 0 6.1 + 2.0 18
Southern Sierra—East 2.0+ 0.6 0 4.5+ 1.0

Statewide 20+04 09 £0.5 4.6 £0.7

Table 6. Mean =+ standard error tree (>7.6 cm diameter at breast height (dbh)) density, basal area, canopy cover,
diameter, live crown, and crown loss among subregions of California.

All tree species included

Whitebark pine trees only

Density Basal area  Canopy cover Trees with
Subregion (No./ha) (m?/ha) (%) Mean dbh (cm) Live crown (%) Crown loss (%) cones (%)
Cascade-Klamath 842 + 139 355+ 5.6 23+4 18.8 + 1.5 69+ 6 3+3 43 + 5
Warner Mountains 220 =43 16.9 £ 4.7 28 +6 182+ 1.6 62 +6 1+6 48 +9
Central Sierra 576 + 67 23.0 £ 2.6 22+2 198 £ 1.0 60 £ 3 6+2 11+3
Southern Sierra—West 208 £79 10.8 £2.6 18+2 18.3£0.8 58 £3 9+3 306
Southern Sierra—East 311 + 28 17.8 £1.9 25+2 171+£1.1 61 +2 7+1 22+3
Statewide 417 + 30 202+14 24 +1 18.2 + 0.5 61+1 6+1 25+ 2

(63% and 43%, respectively) or exceeded whitebark pine stand
densities associated with elevated mountain pine beetle ac-
tivity (46% and 27%, respectively) (Table 7). In contrast, only
10%-20% of plots in the Warner Mountains and southern
Sierra Nevada exceeded HRV for tree density and 0%-10%
of these plots contained tree densities associated with ele-
vated risk of mountain pine beetle attack (Table 7). Mean
basal area was generally higher in the Cascade-Klamath, with
most other subregions averaging between 11 and 23 m?/ha
(Table 6). Canopy cover, whitebark pine tree diameter, and
whitebark pine live crown (compacted) were generally simi-
lar among all five subregions of California. Whitebark pine
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crown loss (due to multiple stressors) was generally greater
in the Sierra Nevada than the northern California subregions
(Cascade-Klamath and Warner Mountains). In most subre-
gions, the percentage of whitebark pine trees containing
cones averaged approximately 20%-50%, except for the Cen-
tral Sierra where an average of 11% of whitebark pine trees
contained cones (Table 6). Among whitebark pine trees with
cones present, 71% contained few cones (1-10 total), 27% con-
tained many cones (11-100 total), and 2% contained numer-
ous cones (>100 total).

Small stems recorded in whitebark pine plots were com-
posed primarily of tree regeneration (seedlings and saplings)


http://dx.doi.org/10.1139/cjfr-2022-0189

Can. J. For. Res. Downloaded from cdnsciencepub.com by USDANALBF on 02/17/23

‘Canadian Science Publishing

Table 7. Percentage of plots with tree (>7.6 cm diameter at breast height (dbh)) densities exceeding the
upper limit of the historical range of variation (HRV; >432 trees/ha) and with tree densities associated

with elevated risk of insect attack (>881 trees/ha)*.

Subregion Plots exceeding HRV for tree density (%) Plots at elevated risk of insect attack (%)
Cascade-Klamath 63 46
Warner Mountains 20 0
Central Sierra 43 27
Southern Sierra—West 10 10
Southern Sierra—East 31 4
Statewide 34 14

*Tree density values are based on Meyer and North (2019) and Coppoletta et al. (2021) for HRV and Meyer et al. (2016) for elevated risk of

mountain pine beetle attack.

in all subregions except the southern Sierra east, and young
whitebark pine seedlings were relatively abundant in all sub-
regions except the Warner Mountains and central Sierra (Ta-
ble S5). The density and cover of short-statured (generally
<3 m height) whitebark pine tree clusters attributed to pre-
sumptive clonal and krummholz stems were greater in the
Sierra Nevada than the Cascade-Klamath and Warner Moun-
tains (Table S6). The greatest percentage of plots dominated
by krummbholz whitebark pine were in the southern Sierra
Nevada west.

Understory shrub and herb cover varied in whitebark pine
stands (subregional mean range: 2%-24% and 3%-24%, re-
spectively), with generally higher shrub cover observed in
the Cascade-Klamath and Warner Mountains than other
subregions (Table S7). Common understory shrub species
included big sagebrush (Artemisia tridentata), mountain goose-
berry (Ribes montigenum), wax currant (R. cereum), and moun-
tain snowberry (Symphoricarpos rotudifolius). Surface ground
cover was mostly attributed to litter (mean + SE: 46 £+ 2%),
rock (39 £ 2%), and bare ground (12 £ 2%), with very little
coarse woody debris (2 &+ 1%) observed across all subregions.
Surface fuel loading varied substantially among plots within
a subregion, although median values (<13 Mg/ha) indicated
relatively low surface fuel loads in most plots (Table S8). Spo-
radic heavy surface fuel loads (mostly in the form of coarse
woody debris, or 1000+ h fuels) were encountered within
a subset of plots in all thoroughly sampled subregions (ex-
cludes Cascade-Klamath), with 36% of plots statewide (range:
31-44%) exceeding 33.6 Mg/ha and maximum surface fuel
loading ranging from 422 to 1021 Mg/ha.

Discussion

Whitebark pine forest ecosystems in California vary con-
siderably in structure, composition, and health and occupy
five distinct subregions in the state. Approximately 79% of
this distribution is restricted to the southern Sierra Nevada,
where whitebark pine frequently occurs at exceptionally
high elevations (>3000 m) in moderately sloped landscapes
with granitic-based soils. Across the state, whitebark pine oc-
curs almost exclusively on federal lands, including a dozen
national forests and four national parks, and the vast
majority of these lands are within protected areas (e.g.,
wilderness, inventoried roadless areas) where management
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opportunities for whitebark pine stands are limited. A small
proportion (1.5%) of the distribution of whitebark pine in
California does occur in developed ski areas, where unique
management and educational opportunities are available for
improving the ecological integrity of whitebark pine stands.
There are several initial signs of declining ecological
integrity within whitebark pine stands in all subregions
of California based on our assessment of geospatial and
field plot data and other information sources (Table 8).
Potential for shade-tolerant conifer encroachment (partic-
ularly from red fir, mountain hemlock, and white fir) is
evident in whitebark pine stands of the Cascade-Klamath
and Warner Mountains. This is consistent with recent studies
documenting an increase in small diameter shade-tolerant
conifers in whitebark pine and other subalpine forests of
the Sierra Nevada (Dolanc et al. 2013, 2014) and the Cas-
cade Range (Coppoletta et al. 2021). Similarly, the relative
prevalence of lodgepole pine (generally considered relatively
shade-intolerant; Arno and Hoff 1990) in whitebark pine
stands of the Sierra Nevada may indicate encroachment as
found by Slaton et al. (2019b), because lodgepole pine has
increased in recent decades in the Sierra Nevada (Dolanc
et al. 2013) and has the potential to colonize and replace
whitebark pine stands over time (e.g., Jackson and Faller
1973). Tree densification (relative to HRV) is apparent in
stands of the Cascade-Klamath, central Sierra, and else-
where in California, consistent with previous assessments
of subalpine forests (Meyer et al. 2019; Coppoletta et al.
2021). Such areas could be affected by long-term fire exclu-
sion and climate change and are considered a priority for
management actions to restore stand composition, reduce
stand densities, and improve ecosystem integrity. However,
it is likely that many whitebark pine stands in more ex-
posed, lower productivity, and higher elevation sites (e.g.,
krummbholz stands) naturally contain (i.e., within HRV)
relatively high small stem densities of whitebark pine,
indicative of environmental site controls that favor
clonal sprouting instead of large diameter tree develop-
ment. Nonetheless, stands with disproportionately few small
diameter whitebark pine stems, relative to shade-tolerant
conifer species (especially in the Warner Mountains), is likely
evidence of declining integrity in whitebark pine stands.
The Warner Mountains are noteworthy for elevated levels
of mountain pine beetle-related tree mortality in whitebark
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Table 8. Indications of declining and high ecological integrity in whitebark pine ecosystems among California’s

subregions.
Declining ecological integrity High ecological integrity
Shade- White High percent
tolerant Increased  pine High Low fire Climate Sufficient  of range in
encroach- Tree MPB blister climate regime refugia small stem  protected

Subregion ment densification activity* rust* exposure departure present densities’ areas
Cascade-Klamath X X X X X v v v
Warner X X X v v
Mountains
Central Sierra X X X v v v
Southern X 4 v v v
Sierra—West
Southern X X v v v v

Sierra—East

*Increased mountain pine beetle (MPB) activity is based primarily on aerial detection survey data and is characterized by more frequent outbreak conditions
across the subregion. White pine blister rust refers to the relative frequency of occurrence in whitebark pine compared to other regions in California.
fSufficient densities of small stems (regeneration 4 presumptive clonal stems) are described in the Methods section. Small stem densities were marginally

higher than this threshold in the Central Sierra.

pine stands (primarily occurring in 2007-2010), a pattern
documented in this study and Millar et al. (2012) using ADS
data. In contrast, our plot data were not effective at capturing
mountain pine beetle occurrence at the larger subregional
scale, likely because our plot sampling occurred a decade
after the 2007-2010 mountain pine beetle outbreak event.
In the coming decades, some whitebark pine stands in the
Warner Mountains may convert to a montane mixed conifer
forest type or possibly semiarid shrublands (e.g., sagebrush
steppe), considering the low observed densities of whitebark
pine regeneration and relatively abundant white fir regenera-
tion. Interestingly, whitebark pine ecosystems in the Warner
Mountains have higher estimated levels of fire occurrence (4-
12%) than other subregions over the past several decades, but
actual fire frequency may be underestimated throughout Cal-
ifornia (especially using geospatial data) because many high
elevation fires are relatively small (<4 ha; Meyer and North
2019; Coppoletta et al. 2021) and undocumented in statewide
fire history data (Safford and Van de Water 2014).

Signs of greater white pine blister rust activity in white-
bark pine stands of the Cascade-Klamath and central Sierra
observed in our study are corroborated by other recent
surveys in these subregions (e.g., Maloney 2011; Maloney et
al. 2012; Jackson et al. 2019; Dudney et al. 2020), possibly
owing to latitudinal gradients in moisture in California
(Dunlap 2012). However, ADSs and our plot surveys failed to
detect this introduced pathogen in the southern Sierra west
where it was documented to occur at low frequencies by
Maloney (2011), Maloney et al. (2012), Nesmith et al. (2019),
and Dudney et al. (2020). Additionally, our plot inventories
in the central Sierra detected white pine blister rust at
a frequency 10-15 times lower than Maloney (2011) and
Maloney et al. (2012). This could be due to differences in
the sampling methodology (e.g., larger size of plots in prior
studies) and plot selection criteria (e.g., plot stratification
factors and minimal tree density requirements for sampling)
between studies, as well as the difficulty in detecting rusts
and other localized pathogens from distant, aerial obser-
vations. Our observation of marginally higher crown loss
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in whitebark pine trees of the southern Sierra Nevada has
been documented in red fir stands in the southern Sierra
Nevada (Meyer et al. 2019) and may be indicative of increased
moisture stress associated with climate change and recent
drought; although a different pattern (i.e., increased crown
loss following years of high precipitation) was observed by
Nesmith et al. (2019) in whitebark pine and foxtail pine
of the southern Sierra Nevada. The combination of these
stressors (i.e., hotter droughts) resulted in exceptionally
high tree mortality rates in montane forests of the southern
Sierra Nevada (Young et al. 2017; Stephenson et al. 2018)
including subalpine forests (Brodrick and Asner 2017). These
recent trends of increasing tree mortality rates associated
with climate change and drought are consistent with climate
envelope models that project major losses in suitable habitat
for California’s whitebark pine and other subalpine forest
ecosystems by the end of the 21% century (Thorne et al. 2016;
Meyer and North 2019; Coppoletta et al. 2021).

Understory vegetation cover and surface fuel loads in
whitebark pine stands were broadly within the HRV or other
targeted conditions for California, with some exceptions.
Statewide estimates of understory (i.e., collective shrub and
herbaceous plant) cover averaged 21%, which was similar to
historical estimates of understory cover in the Sierra Nevada
(24 4+ 31% cover; Meyer and North 2019) and the Cascade-
Klamath (range is 0%-65% but generally less than 25% cover
in drier sites; Coppoletta et al. 2021). This suggests that sec-
ondary host species for white pine blister rust (e.g., Ribes spp.
and Castilleja spp.) have not substantially increased over the
past century in whitebark pine stands of California. Similarly,
surface litter depth in whitebark pine stands of the Sierra
Nevada (range of averages: 2.6-3.4 cm) were generally similar
to or slightly higher than historical estimates (1.9 £+ 2.4 cm),
and surface fuel loads were mostly (64% statewide) within
agency-defined thresholds (<33.6 Mg/ha), although some ex-
ceptionally high values (>100 Mg/ha) occurred in all subre-
gions. These results suggest that most whitebark pine stands
in the California have relatively low surface fuels that, when
coupled with lower tree densities, contribute to reduced wild-
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fire severity. However, whitebark pine stands with elevated
surface fuels, possibly associated with recent tree mortality
events, may be at elevated risk of large and severe wildfires
under a warming climate (Keane et al. 2017, 2022).

Despite some early signs of declining integrity, Califor-
nia’s whitebark pine ecosystems also are showing indications
of ecological integrity (Table 8). Across the state, whitebark
pine stands occur largely in protected areas, exhibit rela-
tively low fire regime departure and surface fuel loading, con-
tain sufficient regeneration densities (i.e., mean whitebark
pine regeneration densities are generally within or exceed-
ing whitebark pine reforestation guidelines for the western
United States and include a mixture of young seedlings, older
seedlings, and saplings), show a moderate level of cone pro-
duction (with > 20% of trees producing cones in a partic-
ular year of sampling), and possess numerous clonal stems
and krummbholz tree clusters that contribute to spatial vari-
ation in stand structure (e.g., non-krummbholz clonal stems
are more clustered around mature stems than regeneration).
Whitebark pine ecosystems in the Sierra Nevada also exhibit
other indications of ecological integrity, such as the pres-
ence of high-elevation climate refugia that could increase
the likelihood of persistence by the end of the 21st century
(Warwell et al. 2007; Roberts and Hamann 2016; Meyer and
North 2019). Additionally, Sierra Nevada whitebark pine for-
est ecosystems appear to be less impacted by stand densifica-
tion and potential type conversion to shade-tolerant species
that are likely due, at least in part, to a century of fire exclu-
sion in the Cascade-Klamath and Warner Mountains. From a
range-wide standpoint, whitebark pine ecosystems in Califor-
nia and especially the Sierra Nevada may be relatively health-
ier and more resilient to the combined impacts of mountain
pine beetle outbreaks, white pine blister rust, altered fire
regimes, and climate change than more northern parts
of the species’ range (e.g., Rocky Mountains and Pacific
Northwest), where the impacts of these stressors have been
much more severe and widespread (Keane et al. 2012, 2017).
However, more direct comparisons among regions over
time would be required to further elucidate regional differ-
ences in whitebark pine ecosystem health, structure, and
composition.

A major limitation of our study is that our plot network was
designed to represent national forest lands in California but
excluded national park lands, creating a spatial gap in our
summary of whitebark pine stand structure, composition,
and health, particularly in the southern Sierra west. In addi-
tion, although our study design was stratified by geographic
and environmental variables, accessibility also constrained
the sampling design, leading to further underrepresentation
of sampling plots in the southern Sierra west (relative to the
total potential sampling area). Stand conditions for national
parks in California, including the southern Sierra west were
thoroughly documented by Nesmith et al. (2019), Jackson et
al. (2019), and Dudney et al. (2020) and were more broadly de-
scribed throughout the state by Slaton et al. (2019b). Despite
our limited sample size for that subregion, many of our plot-
scale results of whitebark pine stand structure, composition,
and health on national forest lands are consistent with these
prior studies.
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Potential inaccuracies in our field surveys and available re-
mote sensing data pertaining to mortality agents and fire ac-
tivity also may have influenced our study results. Signs and
symptoms of white pine blister rust on older dead trees (>2
years dead) (J. Nesmith, personal communication), and ev-
idence of fire activity from older (>20 years) low severity
fires (M. Meyer, personal observation) can often be indistinct,
which can lead to underestimates of white pine blister rust
and fire occurrence, respectively, in our sampled stands. Al-
though ADS data provide reasonable estimates of tree injury
and mortality and insect and disease occurrence at larger spa-
tial scales (e.g., landscape), estimates at finer spatial scales
are imprecise (Slaton et al. 2021), and detection rates for in-
distinct mortality agents are potentially inaccurate even at
broader spatial scales (Coleman et al. 2018). Aerial survey de-
tection of white pine blister rust in whitebark pine of Califor-
nia was exceptionally low (0.02% of sampled area) and nine
times lower than field plot-based estimates from our study,
suggesting that ADSs are largely ineffective at detecting white
pine blister rust in whitebark pine. Similarly, we observed
eight times greater fire activity in California’s whitebark pine
stands based on plot data than statewide fire history data,
likely because statewide fire history databases rarely capture
small (<4 ha) fires (Safford and Van de Water 2014) that were
historically common in many high elevation forest ecosys-
tems of California (Meyer and North 2019; Coppoletta et al.
2021). Interestingly, ADSs documented substantially higher
occurrences of mountain pine beetle activity in whitebark
pine stands than plot-level surveys in our study and Nesmith
et al. (2019), suggesting that ADSs are effective at capturing
landscape-scale and regional patterns of mountain pine bee-
tle activity as discussed by Coleman et al. (2018). Ideally, a
combination of geospatial (i.e., remote-sensing) and local (i.e.,
field plot) data are most informative for understanding pat-
terns of bark beetle activity and tree mortality in California’s
whitebark pine stands (e.g., Millar et al. 2012; Meyer et al.
2016).

Management recommendations

Our study has several implications for the management of
whitebark pine forest ecosystems on national forests in Cal-
ifornia. First, our results suggest that whitebark pine stands
in the northern part of the state (i.e., Warner Mountains and
Cascade-Klamath) are in greater need of restoration actions
to reduce stand densities, especially of shade-tolerant species,
to improve ecosystem integrity. Importantly, “seral white-
bark pine sites” (more productive sites where whitebark
pine undergoes successional replacement by shade-tolerant
conifers especially in the absence of fire; sensuKeane et al.
2012) could be targeted for treatment (e.g., prescribed burn-
ing and mechanical thinning) in northern California and else-
where in the state where whitebark pine regeneration is
inadequately represented (i.e., where whitebark pine regen-
eration is < 247 stems/ha and this regeneration contributes
to < 50% of conifer regeneration in the stand). Similarly,
mixed forest stands containing but not dominated by white-
bark pine (e.g., mixed whitebark pine-mountain hemlock
stands) may also be targeted for management actions that
enhance whitebark pine regeneration and promote the
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species at a landscape scale (Goeking et al. 2019), although
retaining shade-tolerant subalpine species in decline (e.g.,
mountain hemlock and red fir) is warranted in some refu-
gial high elevation forests of California (Meyer and North
2019; Coppoletta et al. 2021). Second, many whitebark pine
forests in California’s national forests, particularly in the
southern Sierra Nevada, currently exhibit high ecosystem in-
tegrity. Management actions in the Sierra Nevada may ide-
ally target seral whitebark pine sites (where they exist), select
mixed stands containing whitebark pine (e.g., where restora-
tion actions can promote whitebark pine recruitment), and
areas of high human impact (e.g., ski areas, stands burned
at high severity) (Keane et al. 2012, 2022; USDI and USDA
2020). Third, in whitebark pine stands experiencing elevated
mortality rates and containing few young seedlings or cones
of whitebark pine (e.g., Warner Mountains, Central Sierra),
planting white pine blister rust-resistant whitebark pine may
be warranted to prevent the loss of this foundation species,
especially within higher elevation stands with low climate
exposure (Keane et al. 2022). Lastly, regional and statewide
inventory and monitoring efforts are essential in tracking
the future health and status of California’s whitebark pine
stands, especially in areas with mountain pine beetle out-
breaks and recent wildfire activity. Current US Forest Service
and National Park Service monitoring efforts in California,
in addition to academic research, provide much needed infor-
mation on current conditions and future trends in whitebark
pine forest ecosystems, such as tree mortality and recruit-
ment rates, stand structure and composition, and activity
of mortality agents. Monitoring partnership efforts, such as
Slaton et al. (2019a) and Nesmith et al. (2019), will prove crit-
ical in assessing whitebark pine condition and trend within
and across administrative boundaries. Additionally, regional
effectiveness monitoring and research of forest management
actions (e.g., Retzlaff et al. 2019) and focused monitoring in
stands with significant mortality (e.g., Meyer et al. 2016) will
aid in the development of effective restoration and adapta-
tion approaches in California’s whitebark pine forest ecosys-
tems.

Acknowledgements

We thank Stefani Brandt, Ethan Bridgewater, Emily Brodie,
Rosie Deak, Becky Estes, Addison Gross, Karolin Kleinz, Kevin
Linowski, Millie McCord, Katie Ohlin, Michelle Rampulla,
Helen Payne, Daria Pechurina, Katie Reisinger, Paul Slaton,
Anna Urias, and Derek Young for assistance with data collec-
tion. Three anonymous reviewers provided helpful and in-
sightful comments on earlier versions of this manuscript.
We also thank the Inyo National Forest, Sierra National For-
est, Stanislaus National Forest, Eldorado National Forest,
Lake Tahoe Basin Management Unit, Modoc National Forest,
Shasta-Trinity National Forest, Lassen National Forest, and
Humboldt-Toiyabe National Forest for logistical support.

Article information

History dates
Received: 26 July 2022

Can. J. For. Res. 00: 1-15 (2023) | dx.doi.org/10.1139/cjfr-2022-0189

‘Canadian Science Publishing

Accepted: 16 December 2022
Accepted manuscript online: 12 January 2023
Version of record online: 17 February 2023

Copyright

© 2023 This work is free of all copyright and may be freely
built upon, enhanced, and reused for any lawful purpose
without restriction under copyright or database law. This
work is licensed under a Creative Commons Attribution 4.0
International License (CC BY 4.0), which permits unrestricted
use, distribution, and reproduction in any medium, provided
the original author(s) and source are credited.

Data availability

Field plot data generated or analyzed during this study are
available from the corresponding author upon reasonable re-
quest. Geospatial data analyzed in this study are provided in
full within the published article.

Author information

Author ORCIDs
Marc D. Meyer https://orcid.org/0000-0001-7871-9021

Author contributions
Conceptualization: MDM

Data curation: MDM, MRS, SEG

Formal analysis: MDM, MRS, SEG, CC
Funding acquisition: MRS

Investigation: MDM, MRS, SEG, R]B
Methodology: MDM, MRS, SEG

Project administration: MRS
Supervision: MRS

Visualization: MDM, SEG, CC

Writing - original draft: MDM, MRS, SEG
Writing - review & editing: MDM, MRS, SEG, R]B, CC

Competing interests
The authors declare there are no competing interests relevant
to this study.

Funding statement

The USDA Forest Service Forest Health Protection Special
Technology Development Program (project No. STDP-R5-
2018-PR-1) and USDA Forest Service Pacific Southwest Region
provided funding in support of this project.

Supplementary material

Supplementary data are available with the article at https:
//doi.org/10.1139/CJFR-2022-0189.

References

Arno, S.F., and Hoff, R. 1990. Pinus albicaulis Engelm. Whitebark pine.
In Silvics of North America. Volume I. Conifers. Agriculture Handbook.
Edited byBurns and Honkala USDA Forest Service, tech. coords. Wash-
ington, D.C.pp. 268-279.

Aubry, C., Goheen, D., Shoal, R., Ohlson, T., Lorenz, T. Bower, A.,
et al. 2008. Whitebark Pine Restoration Strategy for the Pacific Northwest

13


http://dx.doi.org/10.1139/cjfr-2022-0189
https://creativecommons.org/licenses/by/4.0/deed.en_GB
https://orcid.org/0000-0001-7871-9021
https://doi.org/10.1139/CJFR-2022-0189

Can. J. For. Res. Downloaded from cdnsciencepub.com by USDANALBF on 02/17/23

‘Canadian Science Publishing

2009-2013. USDA Forest Service, Portland, Oregon.Pacific Northwest
Region Report.

Barbour, M., Keeler-Wolf, T., and Schoenherr, A.A. 2007. Terrestrial Vegeta-
tion of California. 3rd edition. University of California Press, Berkeley.

Brodrick, P.G., and Asner, G.P. 2017. Remotely sensed predictors of
conifer tree mortality during severe drought. Environ. Res. Lett. 12:
115 013. doi:10.1088/1748-9326/aa8f55.

Brown, J.K. 1974 Handbook for inventorying downed woody material
USDA Forest Service Intermountain Forest & Range Experiment Sta-
tion, Ogden, Utah. General Technical Report INT-16.

Cartwright. 2019. Landscape topoedaphic features create refugia from
drought and insect disturbance in a lodgepole and whitebark pine
forest. Forests 9: 715.

Cheng, S. 2004. Forest Service Research Natural Areas in California. USDA For-
est Service, Pacific Southwest Research Station, Albany, California.
General Technical Report PSW-GTR-188.

Coleman, T.W., Graves, A.D., Heath, Z., Flowers, R.W., Hanavan, R.P,,
Cluck, D.R., and Ryerson, D. 2018. Accuracy of aerial detection sur-
veys for mapping insect and disease disturbances in the United States.
For. Ecol. Manag. 430: 321-336. doi:10.1016/j.foreco.2018.08.020.

Coppoletta, M., Meyer, M.D., and North, M.P. 2021. Natural Range of Vari-
ation (NRV) for Red Fir and Subalpine Forests in Northwestern California
and Southwestern Oregon, USA. USDA Forest Service, Pacific Southwest
Research Station, Albany, California. General Technical Report PSW-
GTR-269.

Dolanc, C.R., Safford, H.D., Thorne, ].H., and Dobrowski, S.Z. 2014. Chang-
ing forest structure across the landscape of the Sierra Nevada, CA,
USA, since the 1930s. Ecosphere 5(8): 101. doi:10.1890/ES14-00103.1.

Dolanc, C.R., Thorne, J.H., and Safford, H.D. 2013. Widespread shifts in
the demographic structure of subalpine forests in the Sierra Nevada,
California, 1934 to 2007. Glob. Ecol. Biogeogr. 22: 264-276. doi:10.
1111/j.1466-8238.2011.00748.x.

Dudney, J.C., Nesmith, ]J.C.B., Cahill, M.C., Cribbs, J.E., Duriscoe, D.M.
Das, AJ., et al. 2020. Compounding effects of white pine blister rust,
mountain pine beetle, and fire threaten four white pine species. Eco-
sphere 11(10): e03263. doi:10.1002/ecs2.3263.

Dunlap, J.M. 2012. Variability in and environmental correlates to white
pine blister rust incidence in five California white pine species.
Northwest Sci. 86(4): 248-263.

Ellison, A.M., Bank, M.S., Clinton, B.D., Colburn, E.A., Elliott, K. Ford, C.R.,
et al. 2005. Loss of foundation species: consequences for the structure
and dynamics of forested ecosystems. Front. Ecol. Environ. 3: 479-
486. do0i:10.1890/1540-9295(2005)003%5b0479:LOFSCF%5d2.0.CO;2.

Flint, L.E., and Flint, A.L. 2014. California Basin Characterization Model: A
Dataset of Historical and Future Hydrologic Response to Climate Change (ver.
1.1). U.S. Geological Survey data release, Saramento, CA. d0i:10.5066/
F76TOJPB [accessed 22 May 2017].

Flint, L.E., Flint, A.L, Thorne, J.H., and Boynton, R. 2013. Fine-scale hy-
drologic modeling for regional landscape applications: the California
Basin Characterization Model development and performance. Ecol.
Process. 2: 25. d0i:10.1186/2192-1709-2-25.

Goeking, S.A., and Izlar, D.K. 2018. Pinus albicaulis Engelm. (Whitebark
pine) in mixed-species stands throughout its US range: Broad-scale
indicators of extent and recent decline. Forests 9: 131. doi:10.3390/
f9030131.

Goeking, S.A., Izlar, D.K., and Edwards, T.C. 2019. A landscape-level as-
sessment of whitebark pine regeneration in the Rocky Mountains,
USA. For. Sci. 65(1): 87-99

Graham, R.C., and O’Geen, T. 2016. Geomorphology and soils. In Ecosys-
tems of California. Edited by H. Mooney and E. Zavaleta. University of
California Press, Oakland, California. pp. 47-74.

Griffin, ].B., and Critchfield, W.B. 1976. The Distribution of Forest Trees in Cal-
ifornia. U.S. Department of Agriculture, Forest Service, Pacific South-
west Research Station, Berkeley, California. General Technical Report
PSW-GTR-82.

Hansen, A., Ireland, K., Legg, K., Keane, R., Barge, E., Jenkins, M., and
Pillet, M. 2016. Complex challenges of maintaining whitebark pine
in Greater Yellowstone under climate change: a call for innovative
research, management, and policy approaches. Forests 7: 54. doi:10.
3390/f7030054.

Jackson, J.I., Smith, S.B., Nesmith, ]J.C.B., Starcevich, L.A., Hooke, J.S.,
Buckley, S., and Jules, E.S. 2019. Whitebark pine in Crater Lake and
Lassen Volcanic National Parks: assessment of stand structure and

14

condition in a management and conservation perspective. Forests 10:
834. doi:10.3390/f10100834.

Jackson, M.T., and Faller, A. 1973. Structural analysis and dynamics of the
plant communities of Wizard Island, Crater Lake National Park. Ecol.
Monogr. 43: 441-461. d0i:10.2307/1942302.

Jules, E.S., van Mantgem, P.J., Iberle, B.G., Nesmith, J.C.B., and Rochefort,
R.M. 2020. Whitebark pine in the national parks of the Pacific states:
an assessment of population vulnerability. Northwest Sci. 94(2): 129-
141. do0i:10.3955/046.094.0204.

Keane, R., Holsinger, L., Maholovich, M., and Tomback, D. 2017. Restoring
Whitebark Pine Ecosystems in the Face of Climate Change. USDA Forest Ser-
vice, Rocky Mountain Research Station, Fort Collins, Colorado. Gen-
eral Technical Report RMRS-GTR-361.

Keane, R.E., Hessburg, P.F., Landres, P.B., and Swanson, F.J. 2009. A re-
view of the use of historical range and variation (HRV) in landscape
management. For. Ecol. Manag. 258: 1025-1037. doi:10.1016/j.foreco.
2009.05.035.

Keane, R.E., Schoettle, A.W., and Tomback, D.F. 2022. Effective actions for
managing resilient high elevation five-needle white pine forests in
western North America at multiple scales under changing climates.
For. Ecol. Manag. 505: 119939. doi:10.1016/j.foreco.2021.119939.

Keane, R.E., Tomback, D.F., Aubry, C.A., Bower, A.D., Campbell, E.M.
Cripps, M.F., et al. 2012. A Range-Wide Restoration Strategy for Whitebark
Pine (Pinus albicaulis). USDA Forest Service, Rocky Mountain Research
Station, Fort Collins, Colorado. General Technical Report RMRS-GTR-
279.

Maloney, P.E. 2011. Incidence and distribution of white pine blister rust
in the high-elevation forests of California. For. Pathol. 41: 308-316.
d0i:10.1111/j.1439-0329.2011.00732..x.

Maloney, P.E., Vogler, D.R., Jensen, C.E., and Mix, A.D. 2012. Ecology of
whitebark pine populations in relation to white pine blister rust in-
fection in subalpine forests of the Lake Tahoe Basin, USA: Implica-
tions for restoration. For. Ecol. Manag. 280: 166-175. doi:10.1016/j.
foreco.2012.05.025.

McCaughey, W, Scott, G.L., and Izlar, K.L. 2009. Whitebark pine planting
guidelines. West. J. Appl. For. 24(3): 163-166. doi:10.1093/wjaf]24.3.
163.

Merriam, K., Meyer, M.D., Coppoletta, M., Butz, R., Estes, B., Farris,
C., and North, M. 2022. Regional differences in fire return interval
departure influence fire effects in California’s red fir forests with
reestablished natural fire regimes. For. Ecol. Manag. 503: 119797.
doi:10.1016/j.foreco.2021.119797.

Meyer, M.D., and North, M.P. 2019. Natural Range of Variation of Red Fir
and Subalpine Forests in the Sierra Nevada Bioregion. USDA Forest Service,
Pacific Southwest Research Station, Albany, California. General Tech-
nical Report PSW-GTR-263.

Meyer, M.D., Bulaon, B., MacKenzie, M., and Safford, H.D. 2016. Mortality,
structure, and regeneration in whitebark pine stands impacted by
mountain pine beetle in the southern Sierra Nevada. Can. ]. For. Res.
46: 572-581. doi:10.1139/cjfr-2015-0464.

Meyer, M.D., Estes, B.L., Wuenschel, A., Bulaon, B., Stucy, A., Smith,
D.F., and Caprio, A.C. 2019. Structure, diversity and health of Sierra
Nevada red fir forests with reestablished fire regimes. Int. J. Wildland
Fire 28: 386-396. d0i:10.1071/WF18114.

Millar, C.I., Delany, D.L., and Westfall, R.D. 2020. From treeline to
species line: thermal patterns and growth relationships across the
krummbholz zone of whitebark pine, Sierra Nevada, California, USA
Arct. Antarct. Alp. Res. 52(1): 390-407.

Millar, C.I., Westfall, R.D., Delany, D.L., Bokach, M.J., Flint, A.L., and Flint,
L.E. 2012. Forest mortality in high-elevation whitebark pine (Pinus al-
bicaulis) forests of eastern California, USA; influence of environmental
context, bark beetles, climatic water deficit, and warming. Can. J. For.
Res. 42: 749-765. d0i:10.1139/x2012-031.

National Whitebark Pine Restoration Plan. 2019. Distributional data:
data call 1. Whitebark Pine Ecosystem Foundation, Missoula,
MT.Available from https://whitebarkfound.org/our-work/national-w
hitebark-pine-restoration-plan/data-call-1/ [accessed 17 June 2020].

Nesmith, ]J.C.B, Wright, M., Jules, E.S., and McKinney, S.T. 2019. White-
bark and foxtail pine in Yosemite, Sequoia, and Kings Canyon Na-
tional Parks: initial assessment of stand structure and condition.
Forests 10: 35. d0i:10.3390/f10010035.

Palmer, M.A., Zedler, ].B., and Falk, D.A. 2016. In Ecological theory and
restoration ecology. Edited by M.A. Palmer, ].B. Zedler and D.A. Falk

Can. J. For. Res. 00: 1-15 (2023) | dx.doi.org/10.1139/cjfr-2022-0189



http://dx.doi.org/10.1139/cjfr-2022-0189
http://dx.doi.org/10.1088/1748-9326/aa8f55
http://dx.doi.org/10.1016/j.foreco.2018.08.020
http://dx.doi.org/10.1890/ES14-00103.1
http://dx.doi.org/10.1111/j.1466-8238.2011.00748.x
http://dx.doi.org/10.1002/ecs2.3263
http://dx.doi.org/10.1890/1540-9295(2005)003%5b0479:LOFSCF%5d2.0.CO;2
http://dx.doi.org/10.5066/F76T0JPB
http://dx.doi.org/10.1186/2192-1709-2-25
http://dx.doi.org/10.3390/f9030131
http://dx.doi.org/10.3390/f7030054
http://dx.doi.org/10.3390/f10100834
http://dx.doi.org/10.2307/1942302
http://dx.doi.org/10.3955/046.094.0204
http://dx.doi.org/10.1016/j.foreco.2009.05.035
http://dx.doi.org/10.1016/j.foreco.2021.119939
http://dx.doi.org/10.1111/j.1439-0329.2011.00732.x
http://dx.doi.org/10.1016/j.foreco.2012.05.025
http://dx.doi.org/10.1093/wjaf/24.3.163
http://dx.doi.org/10.1016/j.foreco.2021.119797
http://dx.doi.org/10.1139/cjfr-2015-0464
http://dx.doi.org/10.1071/WF18114
http://dx.doi.org/10.1139/x2012-031
https://whitebarkfound.org/our-work/national-whitebark-pine-restoration-plan/data-call-1
http://dx.doi.org/10.3390/f10010035

Can. J. For. Res. Downloaded from cdnsciencepub.com by USDANALBF on 02/17/23

Foundations of Restoration Ecology, second edition. Chapter 1. Island
Press, Washington, D.C. pp. 3-26.

Retzlaff, M.L., Keane, R.E., Affleck, D.L., and Hood, S.M. 2019. Growth
response of whitebark pine (Pinus albicaulis Engelm) regeneration to
thinning and prescribed burn treatments. Forests 9: 311. doi:10.3390/
f9060311.

Richardson, B.A., Brunsfeld, S.J., and Klopfenstein, N.B. 2002. DNA from
bird-dispersed seed and wind-disseminated pollen provides insights
into postglacial colonization and population genetic structure of
whitebark pine (Pinus albicaulis). Mol. Ecol. 11: 215-227. doi:10.1046/
j-1365-294X.2002.01435.x.

Roberts, D.R., and Hamann, A. 2016. Climate refugia and migration re-
quirements in complex landscapes. Ecography 39: 1238-1246. doi:10.
1111/ecog.01998.

Safford, H.D., and Van de Water, K.M. 2014. Using Fire Return Interval Depar-
ture (FRID) Analysis to Map Spatial and Temporal Changes in Fire Frequency
on National Forest Lands in California. U.S. Department of Agriculture,
Forest Service, Pacific Southwest Research Station, Albany, CA. p. 59.
Res. Pap. PSW-RP-266.

Safford, H.D., Van de Water, K., and Clark, C. 2015. California Fire Return
Interval Departure (FRID) Map. USDA Forest Service, Pacific Southwest
Region, Sacramento, California.

Sawyer, J.0., Keeler-Wolf, T., and Evens, J.M. 2009. A Manual of Califor-
nia Vegetation, second edition. California Native Plant Society, Sacra-
mento, California.

Shoal, R., Aubry, C., and Ohlson, T. 2008. Land Managers Guide to Whitebark
Pine Restoration in the Pacific Northwest 2009-2013. U.S. Department of
Agriculture, Forest Service, Pacific Northwest Region, Portland, OR.
p. 37.

Slaton, M., Warren, K., Koltunov, A., and Smith, S. 2021.In Accuracy
assessment of insect and disease survey and eDaRT for monitoring
forest health. Edited by Potter, and Konkling Forest health monitor-
ing: national trends, status, and analysis 2020. USDA Forest Service,
Southern Research Station, Asheville, NC. Chapter 12. General Tech-
nical Report SRS-261.

Slaton, M.R., MacKenzie, M., Kohler, T., and Ramirez, C.M. 2019b. White-
bark pine recruitment in Sierra Nevada driven by range position and
disturbance history. Forests 10: 455. doi:10.3390/f10050455.

Slaton, M.R., Meyer, M., Gross, S., Nesmith, J., Dudney, J., van Mantgem,
P., and Butz, R. 2019a. Subalpine sentinels: the status of whitebark
pine (Pinus albicaulis) in California. Fremontia 47: 34-42.

Society for Ecological Restoration, International Science & Policy Work-
ing Group [SER]. 2004. The SER International Primer on Ecological Restora-
tion. Society for Ecological Restoration International. Tucson, AZ. p.
14.

Stephenson, N.L., Das, AJ., Ampersee, N.J., Bulaon, B.M., and Yee, J.L.
2018. Which trees die during drought? The key role of insect
host-tree selection. J. Ecol. 107: 2383-2401. doi:10.1111/1365-2745.
13176.

Swanston, C.W., Janowiak, M.K,, Butler, P.R., Parker, L., St. Pierre, M., and
Brandt, L. 2012. Forest Adaptation Resources: Climate Change Tools and Ap-
proaches for Land Managers. U.S. Department of Agriculture, Forest Ser-

Can. J. For. Res. 00: 1-15 (2023) | dx.doi.org/10.1139/cjfr-2022-0189

‘Canadian Science Publishing

vice, Northern Research Station, Newtown Square, PA, p. 128. General
Technical Report NRS-GTR-87

Thorne, J.H., Boynton, R.M., Holguin, AJ., Stewart, J.A.E., and Bjorkman,
J. 2016. A Climate Change Vulnerability Assessment of California’s Terrestrial
Vegetation. California Department of Fish and Wildlife (CDFW), Sacra-
mento, California.

Tomback, D.F., and Achuff, P. 2010. Blister rust and western forest bio-
diversity: ecology, values, and outlook for white pines. For. Path. 40:
186-225. d0i:10.1111/j.1439-0329.2010.00655.x.

Tomback, D.F., Arno, S.F., and Keane, R.E. 2001. Whitebark Pine Communi-
ties: Ecology and Restoration. Island Press, Washington, DC, USA. p. 440.

United States Fish and Wildlife Service. 2022. Endangered and Threatened
Wildlife and Plants; Threatened Species Status with Section 4(d) Rule for
Whitebark Pine (Pinus albicaulis). 76 882-76 917. U.S. Federal Register.
U.S. Department of Interior, Fish and Wildlife Service. Washington,
D.C.

USDA Forest Service. 2019. Aerial Detection Monitoring. USDA Forest Ser-
vice, Pacific Southwest Region, Forest Health Protection. Vallejo, CA.
Available from https:/[www.fs.usda.gov/detail/r5/forest-grasslandheal
th [accessed 17 June 2020].

USDA Forest Service. 2020a. Whitebark Pine Range in California, Version
1. Remote Sensing Lab, McClellan, CA. Available from https:
[[www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=fseprd697598
[accessed 21 September 2020)].

USDA Forest Service. 2020b. Land and Resource Management Geospa-
tial Data. USDA Forest Service, Pacific Southwest Region. Vallejo,
CA.Available from https://[www.fs.usda.gov/main/r5/landmanageme
nt/gis [accessed 17 June 2020].

USDA Forest Service. 2022. Forest Plan Revision Documents for the Sequoia
and Sierra National Forests. USDA Forest Service, Pacific Southwest Re-
gion, Vallejo, CA. Available from https://www.fs.usda.gov/detail/r5/
landmanagement/planning/?cid=STELPRD3802842[accessed 28 Octo-
ber 2022].

USDI and USDA. 2020. An Interagency Conservation Strategy for Pinus albicaulis
(Whitebark Pine) in California. United States Department of the Interior,
U.S. Fish and Wildlife Service Sacramento Fish and Wildlife Office;
United States Department of Agriculture, U.S. Forest Service Pacific
Southwest Region; United States Department of the Interior, National
Park Service Pacific West Region. Sacramento, California.

Warwell, M.V., Rehfeldt, G.E., and Crookston, N.L. 2007. Modeling con-
temporary climate profiles of whitebark pine (Pinus albicaulis) and
predicting responses to global warming. In: Proceedings of the con-
ference whitebark pine: a Pacific Coast perspective; 27—31 August
2006. USDA Forest Service, Pacific Northwest Region, Portland, Ash-
land, Oregon, R6-NR-FHP-2007-01. pp. 139-142.

Wartzebach, Z., and Schultz, C. 2016. Measuring ecological integrity: his-
tory, practical applications, and research opportunities. BioScience
66: 446-457. doi:10.1093/biosci/biw037.

Young, D.J.N,, Stevens, ]J.T., Earles, ].M., Moore, |., Ellis, A,, Jirka, A.L., and
Latimer, A.M. 2017. Long-term climate and competition explain for-
est mortality patterns under extreme drought. Ecol. Lett. 20: 78-86.
doi:10.1111/ele.12711. PMID: 28000432.

15


http://dx.doi.org/10.1139/cjfr-2022-0189
http://dx.doi.org/10.3390/f9060311
http://dx.doi.org/10.1046/j.1365-294X.2002.01435.x
http://dx.doi.org/10.1111/ecog.01998
http://dx.doi.org/10.3390/f10050455
http://dx.doi.org/10.1111/1365-2745.13176
http://dx.doi.org/10.1111/j.1439-0329.2010.00655.x
https://www.fs.usda.gov/detail/r5/forest-grasslandhealth
https://www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=fseprd697598
https://www.fs.usda.gov/main/r5/landmanagement/gis
https://www.fs.usda.gov/detail/r5/landmanagement/planning/?cid=STELPRD3802842
http://dx.doi.org/10.1093/biosci/biw037
http://dx.doi.org/10.1111/ele.12711
https://pubmed.ncbi.nlm.nih.gov/28000432


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


