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Abstract. Invasive pathogens and bark beetles have caused precipitous declines of various tree species
around the globe. Here, we characterized long-term patterns of mountain pine beetle (Dendroctonus ponderosae; MPB) attacks and white pine blister rust, an infectious tree disease caused by the pathogen, Cronartium ribicola. We focused on four dominant white pine host species in Sequoia and Kings Canyon National
Parks (SEKI), including sugar pine (Pinus lambertiana), western white pine (P. monticola), whitebark pine (P.
albicaulis), and foxtail pine (P. balfouriana). Between 2013 and 2017, we resurveyed 152 long-term monitoring plots that were ﬁrst surveyed and established between 1995 and 1999. Overall extent (plots with at least
one infected tree) of white pine blister rust (blister rust) increased from 20% to 33%. However, the infection
rate across all species decreased from 5.3% to 4.2%. Blister rust dynamics varied greatly by species, as infection rate decreased from 19.1% to 6.4% in sugar pine, but increased in western white pine from 3.0% to
8.7%. For the ﬁrst time, blister rust was recorded in whitebark pine, but not foxtail pine plots. MPB attacks
were highest in sugar pines and decreased in the higher elevation white pine species, whitebark and foxtail
pine. Both blister rust and MPB were important factors associated with elevated mortality in sugar pines.
We did not, however, ﬁnd a relationship between previous ﬁres and blister rust occurrence. In addition,
multiple mortality agents, including blister rust, ﬁre, and MPB, contributed to major declines in sugar pine
and western white pine; recruitment rates were much lower than mortality rates for both species. Our
results highlighted that sugar pine has been declining much faster in SEKI than previously documented. If
blister rust and MPB trends persist, western white pine may follow similar patterns of decline in the future.
Given current spread patterns, blister rust will likely continue to increase in higher elevations, threatening
subalpine white pines in the southern Sierra Nevada. More frequent long-term monitoring efforts could
inform ongoing restoration and policy focused on threats to these highly valuable and diverse white pines.
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INTRODUCTION

infections (Kinloch 2003, Blodgett and Sullivan
2004). The presence of both the pine hosts, as
well as the alternate host species from the genera
Ribes, Castellja and Pedicularis (McDonald et al.
2006, Geils et al. 2010), is required for blister rust
to complete its life cycle. Aeciospores produced
on pine hosts can travel hundreds of kilometers
via wind currents to infect alternate hosts
(Kearns and Jacobi 2007) during the spring and
summer. In contrast, fragile basidiospores produced on the alternate host travel much shorter
distances (several kilometers) to infect pine hosts
through needle stomata during late summer
(Maloy 1997, 2001).
Other mortality agents in white pine systems
may interact with blister rust spread, which can
dampen or increase host infections. For example,
native mountain pine beetle (Dendroctonus ponderosae Hopkins; MPB) may preferentially select
trees weakened by blister rust infections (Shanahan et al. 2016), often resulting in more rapid mortality than caused by blister rust alone (Keane and
Arno 1993, Larson 2011, Bockino and Tinker
2012). In addition, blister rust spread could be
impacted by forest ﬁres, which have been increasing in extent and severity in the western United
States (Miller et al. 2009, Stephens et al. 2013).
Tomback et al. (1995) hypothesized that ﬁre may
facilitate selection for resistant individuals and
ultimately reduce blister rust spread by inciting a
pulse of seedling regeneration that faces higher
selective pressures—individuals that survive to
maturity may therefore be more resistant to blister
rust. While many studies have documented interactions between MPB and blister rust (Schwandt
and Kegley, 2004, Larson 2011, Bockino and Tinker 2012), few studies have investigated the
impacts of ﬁre on blister rust (though see Tomback et al. (1995)).
In response to major declines in several white
pine species, various national and regional efforts
are underway to help conserve and restore these
species. Restoration efforts are guided by several
key strategies, including protecting and maintaining genetic diversity, documenting current conditions and trends, protecting known rust-resistant
seed sources, and using forest management practices to improve forest health (Millar et al. 2007,
Schoettle and Sniezko 2007, Keane et al. 2012).
Multiple restoration tools include the following:
(1) increasing genetic resistance to blister rust by

Biotic agents of mortality are major drivers of
disturbance in forest ecosystems (Campbell and
Antos 2000, Das et al. 2016). Pathogens can incite
changes in forest composition (Lewis and Lindgren 2000), which can alter ecosystem structure
and function (O’Halloran et al. 2012). Invasive
tree pathogens—Dutch elm disease, chestnut
blight, red needle cast, and kauri dieback—are
increasingly threatening forest ecosystems and
have caused widespread declines of tree species
around the globe (Webber and Brasier 2005, Ghelardini et al. 2017, Fei et al. 2019). Long-term
studies measuring the impacts of tree pathogens
are rare, however, greatly limiting our ability to
characterize and predict shifts in pathosystems
(Rohr et al. 2011).
White pine blister rust (blister rust), caused by
Cronartium ribicola Fisch., is an invasive, lethal
disease that infects white pines (Genus Pinus,
Subgenus Strobus). Since its introduction to
North America in 1906 (Maloy 1997, Geils et al.
2010), blister rust has infected many white pine
populations throughout the USA and Canada
(Maloy 1997, Tomback and Achuff 2010). The
impacts on white pine forests have been so severe that blister rust ranks as one of the worst tree
disease epidemics in modern history (Campbell
and Antos 2000). Early efforts to control blister
rust, including Ribes eradication (one of the alternate hosts required by the pathogen to complete
its life cycle) and topical fungicides, were ineffective (Maloy 1997, Geils et al. 2010). These efforts
were some of the most expensive and widespread tree pathogen eradication campaigns to
date (Rohr et al. 2011). The dramatic declines
caused by blister rust and other agents have
resulted in the listing of whitebark pine (Pinus
albicaulis Engelm.) as an IUCN endangered species (Mahalovich and Stritch 2011), and as a candidate species for protection under the
Endangered Species Act in the USA (U.S. Fish
and Wildlife Service 2011).
Because blister rust is an introduced pathogen,
frequencies of genetic resistance and associated
mechanisms are low across North American
hosts (Hoff et al. 1980, Zambino 2010). Due in
part to high susceptibility among white pines,
populations within nine of the 11 North American white pine species are known to sustain
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identiﬁcation, propagation, and planting of rustresistant seedlings; (2) use of MPB anti-aggregation pheromones to deter attacks; (3) and the use
of mechanical thinning, prescribed ﬁre, and managed wildland ﬁre to increase forest resilience
to wildﬁre, drought, pathogen outbreaks, and
warming temperatures (Keane and Schoettle 2011,
Keane et al. 2017). Managers, however, often lack
information on when and where these approaches
and tools may best be prioritized. Long-term
monitoring efforts can support prioritization of
restoration strategies, which could be essential for
sustaining white pine species in an era of rapid
change.
Sequoia and Kings Canyon National Parks
(SEKI), located in the southern Sierra Nevada of
California, have a high diversity of white pines
all susceptible to impacts from blister rust, MPB,
and ﬁre, making it an ideal system to investigate
blister rust’s complex pathosystem. Historically,
the southern Sierra Nevada white pine populations experienced lower levels of blister rust
infections and MPB outbreaks (Dunlap 2012,
Maloney et al. 2012) compared to other regions
in western North America (Gibson et al. 2008,
Buotte et al. 2016). Due to the diversity of white
pines in SEKI, characterizing drivers of white
pine mortality can inform broader conservation
and management objectives (Schoettle and
Sniezko 2007, Logan et al. 2010, Schwandt et al.
2010). To measure long-term changes in the
occurrence and severity of blister rust, as well as
possible interactions with ﬁre and bark beetles,
we remeasured long-term monitoring plots in
SEKI that were originally established between
1995 and 1999. Speciﬁcally, we quantiﬁed the following: (1) change in stand structure between
surveys, (2) long-term changes in blister rust
extent and infection rates, and (3) long-term mortality rates across the four white pine species.
With these results, we addressed two questions:
(1) Are trees with blister rust more vulnerable to
MPB attack? (2) Does ﬁre reduce the spread of
blister rust in white pine populations?

climate is Mediterranean, characterized by hot,
dry summers and wet, cold winters (Stephenson
1988). Elevations range from 300 to 4200 m, supporting a large diversity of forested communities. At higher elevations, thunderstorms are
common during the summer, and snowpack
accumulates during the winter starting around
1500 m elevation (Margulis et al. 2016).
Forests in the southern Sierra Nevada host ﬁve
white pine species, all potentially threatened by
blister rust and MPB. Throughout SEKI, these
white pines have distinct ranges with moderate
overlap (Figure 1). Sugar pine (Pinus lambertiana
Dougl.) is a co-dominant species in mixed conifer
forests, growing between 1000 and 2300 m and
often associated with ponderosa pine (P. ponderosa Lawson & C. Lawson), white ﬁr (Abies lowiana [Gord. & Glend.]), black oak (Quercus
kelloggii Newberry), giant sequoia (Sequoiadendron giganteum [Lindl.] J. Buchholz), and incense
cedar (Calocedrus decurrens [Torr.] Florin).
Western white pine (P. monticola Douglas ex D.
Don) occurs between 2100 and 3200 m and often
grows on well-drained exposed sites with thin
soils (Graham 1990). Associated species include
foxtail pine (P. balfourniana Grev. and Balf.), whitebark pine, red ﬁr (Abies magniﬁca A. Murray), and
lodgepole pine (P. contorta Douglas; Graham 1990,
Miller and Urban 2000). Foxtail pine is endemic to
California and dominates more arid regions of the
southern Sierra Nevada, typically above 2800 m
(Mastrogiuseppe and Mastrogiuseppe 1980).
Whitebark pine often grows in denser stands on
the western slopes of the Sierra Nevada and overlaps with foxtail pine and western white pine
between 2800 and 3000 m throughout SEKI (Tomback and Achuff 2010, Nesmith et al. 2019).
Whitebark pine is associated with mountain hemlock (Tsuga mertensiana [Bong.] Carr), and lodgepole pine (Fites-Kaufman et al. 2007, Tomback
and Achuff 2010). Because limber pine (P. ﬂexilis
Engelm.) occurs in very low abundances in SEKI;
this study focused on the four dominant white
pines: sugar pine, western white pine, whitebark
pine, and foxtail pine.

MATERIALS AND METHODS

Sampling design

Study area

A total of 154 plots were originally established
in 1995–1999 using a stratiﬁed random sampling
design based on the range of white pine species
within SEKI (Duriscoe and Duriscoe 2002). The

The jointly administered Sequoia and Kings
Canyon National Parks encompass 350,443 ha in
the southern Sierra Nevada of California. The
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Fig. 1. Distribution of four white pine species within Sequoia and Kings Canyon National Parks. Limber pine
is not shown due to its infrequent occurrence. Permission to use this ﬁgure granted by NPS, Alex Eddy (map
author).

original sampling method subdivided all major
watersheds based on physiographic features for a
total of 50 subunits. Plot locations were randomly
generated within each subunit to fall within the
predicted range of a white pine species; plot size
averaged 30 × 50 m, though plot length was
v www.esajournals.org

adjusted to capture a minimum of 30 white pine
stems. Plot sizes ranged from 0.1 to 3.4 ha.

Plot establishment and ﬁrst survey, 1995–1999
Crews navigated to the randomly selected
points and established a plot if more than 30
4
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white pine stems greater than or equal to one
meter tall were within 500 m of the random
point (Duriscoe and Duriscoe 2002). The plot
starting points were marked with brass tags. The
location (NAD27), slope (%), aspect (°), elevation
(m) at the plot tag, and presence/absence of Ribes
in the plot were recorded. Using the plot tag as
the origin, a centerline was located along the contour to deﬁne the long axis of the rectangular
plot. The location of each live white pine tree
within 15 m (though occasionally wider up to
40 m) of the centerline was mapped (x = distance from plot tag, y = distance from centerline). For each mapped tree, Duriscoe and
Duriscoe (2002) determined the species, measured diameter at breast height (DBH; breast
height = 1.37 m), height (m), and documented
any symptoms of blister rust following methods
adapted from the Whitebark Pine Ecosystem
Foundation (Tomback et al. 2005). Tall host trees
were searched using binoculars for symptoms of
blister rust (described below). In four plots dominated by whitebark pine growing as krummholz
(a multi-stemmed, shrub-like growth form), individual stem measurements were not recorded.
Instead, the trees within the transect area were
searched for signs of blister rust and the size and
location of clumps were recorded.

reached prior to recording 30 live trees, due to
high mortality or fewer than 30 trees being measured during the original survey. This occurred
in 23 sugar pine plots, four western white pine
plots, and two whitebark pine plots.
Remeasuring whitebark pine proved difﬁcult
because the species typically grows with multiple stems on the same tree. It was not always
possible to determine which stem was measured
in the original survey. In the four plots where no
diameter was recorded for whitebark pine in the
original survey, a new centerline that followed
the contour was located from plot origin following the original plot establishment guidelines. A
transect was then established to allow for the collection of individual tree data during the re-survey. These plots were not included in the
analysis when individual tree data were needed
(e.g., to calculate mortality rates). The primary
purpose of installing a new transect to record
individual tree data was to maintain consistency
in sampling across all plots and enable these
trees to be revisited in the future.
The remeasurements occurred during 2013–
2017, a period of extreme drought in California
(Grifﬁn and Anchukaitis 2014). It is estimated
that over 147 million trees died in the Sierra
Nevada from 2010 to 2018, primarily due to the
2012–2016 drought (USDA 2019). Much of this
mortality was concentrated in lower elevation
mixed conifer forest and signiﬁcantly impacted
sugar pine (Fettig et al. 2019). Because of the timing of this survey, some plots were sampled in
the early stages of the drought in 2013 or 2015,
when drought-induced mortality was relatively
low, while others were sampled in 2016 and
2017, when the cumulative impacts of drought
were much more severe (Stephenson et al. 2019).

Second survey, 2013–2017
Each white pine stem from the original survey
was relocated based on mapped distances to the
brass plot marker. Two of the original 154 plots
were impossible to remeasure due to dramatically altered conditions from ﬁre and inadequate
or erroneous tree location data, reducing our
sample size to 152 plots. New trees ≥1 m tall
within the transect area were mapped, and the
same information was recorded. For analyses,
new trees were considered regeneration if their
DBH was <10 cm; otherwise, they were treated
as a tree that had been missed during the original
survey. In addition, the following observations
were added to the re-survey: status (dead or
alive), presence or absence of MPB, and presence
or absence of ﬁre damage. If the total number of
live white pines within the original transect area
was less than 30, the transect was extended up to
200 m to meet the same minimum number of live
trees that was used in the original survey. In
some cases, the 200-m transect length limit was
v www.esajournals.org

Blister rust and bark beetle identiﬁcation
Sampling methods for the presence or absence
of blister rust were adapted from Duriscoe and
Duriscoe (2002), with an emphasis on consistency, so that results would be comparable across
sample periods. Crews scanned all branches and
the main stem of each tree from all sides searching for signs of blister rust, using binoculars on
tall trees (Smith et al. 2008, Dudney 2019), and
counted branch and bole cankers. Branch cankers
were recorded if sporulating aecia or old aecial
sacs were observed, or if all of the following
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symptoms were present: pitching, swelling or
sunken bark, and discoloration of the bark on a
speciﬁc section of the branch (Appendix S1:
Fig. S1). Rodent chewing and aeciospores were
included in the diagnosis when present (Hoff
1992). Bole cankers were veriﬁed by the following symptoms: heavy pitching from a speciﬁc
area, swelling, or sunken bark and an entry point
(i.e., a branch canker that clearly led to bole canker). While these symptoms of blister rust are not
necessarily deﬁnitive, blister rust is the most
probable causal agent. This identiﬁcation system
is also consistent with other monitoring programs in the western USA (GYWPMWG 2011,
McKinney et al. 2012). Because it is signiﬁcantly
more challenging to diagnose blister rust in trees
that have been dead for some time, data on blister rust infections were only analyzed from live
trees.
Starting in 2015, crews searched each plot tree
for signs and symptoms of MPB. Many of the
plots measured in 2013 were dominated by western white pine, so data on beetle activity and ﬁre
damage are limited for this species to the 19 plots
that were sampled from 2015 to 2017. Attacks of
MPB were identiﬁed based on the presence of
beetle galleries, pitch tubes, frass, or exit holes
(Stephenson et al. 2019). We are likely underestimating MPB attacks for three reasons: (1) We did
not remove bark to look for galleries on live
trees; (2) pitch tubes likely decomposed on old
standing dead trees; and (3) pitch tubes are not
always produced on drought-stressed trees.

between 0.1 ha and 61,108 ha. Seventy percent of
the ﬁres were human caused, including controlled burns. While 45 percent (n = 19) of the
sugar pine plots burned over the past 20 yr, only
seven percent (n = 4) of western white pine plots
burned; no ﬁres burned in whitebark pine or foxtail pine plots. On average, plots had burned
eight years prior to the second survey.

Calibrating surveys
To ensure consistency across crews and maintain accurate ﬁeld measurements throughout the
season, ﬁeld technicians were trained by the
same forest pathologist and entomologist at the
beginning of each summer in the identiﬁcation of
blister rust and bark beetles. In addition, a crew
member from the ﬁrst survey in the late 1990s
trained all new crews during the second survey.
Because the re-survey occurred over multiple
years with different crews, approximately eight
percent of the plots in the second survey were
measured a second time to determine amongcrew variation. On average, the difference
between original and calibration surveys was
a  0.5 canker count. This difference likely did
not signiﬁcantly affect our results (Appendix S1:
Table S1).

Statistical analyses
Statistical analyses were conducted with R
software (R Core Team, 2013). Generalized linear
mixed models (GLMMs; Zuur et al. 2009) were
estimated using R package lme4 (Bates et al.
2020). Continuous independent variables were
centered and standardized prior to analysis for
all GLMMs, and model results were evaluated
for multicollinearity and variance inﬂation.

Fire history
Fire history data were obtained from SEKI
(data are also available through the Wildland
Fire Management Information database). Using
ArcGIS Desktop 10.5.1, we extracted ﬁre histories
for every plot. We validated this documentary
evidence with ﬁeld observations of recent ﬁres.
Three plots were recently burned (characterized
by the presence of charred standing dead trees,
scattered biochar, and multiple pitching white
pine tree scars) but were just outside the mapped
ﬁre boundary, so they were included as burned
plots. We categorized a plot as burned if one or
more ﬁres occurred in the plot between surveys.
Fire sizes in the areas where the plots occurred
during the time period between surveys averaged approximately 3520 ha and ranged
v www.esajournals.org

Demographic rates
We calculated annual tree mortality and
recruitment (Sheil et al. 1995, Kohyama et al.
2018) as discrete rate variables (Table 1). For
mortality, we summarized species-speciﬁc cohort
data by plot. Uncertainty was estimated using
maximum likelihood. Speciﬁcally, we obtained
conﬁdence intervals of mortality using proﬁle
likelihood as outlined by Eitzel et al. (2015). We
estimated per-capita recruitment based on the
ﬁnal density (Table 1). Given the rarity of recruitment in many plots, we were unable to evaluate
plot-level heterogeneity and therefore calculated
6
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Table 1. Equations used in calculating extent (E), infection rate (IR), spread rate (SR), mortality (M), and recruitment (R).
Variable
Extent

Equation
E = (Ni /N) × 100


Infection rate


T
∑Nj¼1 Tijj =N

Spread rate





IR IR
SR ¼ ∑Nj¼1 jt1Δt jt0  20 =N

Mortality

M ¼ 1

Recruitment

R¼1

 Δt1
TS
T0

 Δt1
TS
T0

Description
Overall measure of disease presence (%). Ni = number of plots with ≥1
infection; N = total number of plots surveyed. For plots with varying sample
sizes, extent is a mean of resampled estimates
Plot-level measure of infection at a speciﬁc sampling time. Tij = number of
infected trees in plot j; Tj = total number of trees in plot j. Plots with varying
sample sizes are a mean of resampled Tij. N = number of plots
Plot-level measure of change in infection rate. t0 = 1995–1999; t1 = 2013–2017.
IRjt1 = infection rate of plot j at t1; IRjt0 = infection rate for plot j at t0;
Δt = time interval between t1 and t0. N = number of plots; SR is normalized
to 20 yr
Discrete measure of per-capita annual tree mortality (Kohyama et al. 2018); a
species-speciﬁc measure. Ts = number of live stems from ﬁrst survey
(1995–1999) that survived to the second survey (2013–2017); T0 = number of
live stems at ﬁrst survey; Δt = time interval
Final density-based measure of per-capita annual tree recruitment (Kohyama
et al. 2018); a species-speciﬁc measure. Ts = number of live stems from ﬁrst
survey that survived to the second survey; T1 = number of live stems at
second survey (i.e., Ts + recruits); Δt = time interval

Note: Extent, infection rate, and spread rate are calculated for each species (4 times) and across all species (1 time).

rate of 3.5% (lowest of infection rated observed),
the probability of observing at least one infected
tree in a plot with a sample size of 20 is greater
than 50%. Filtering using other sample minima—
sample size between 15 and 25 trees—made no
difference to the overall trends reported here.
Second, because the probability of detecting
blister rust within a plot is partially a function of
the number of trees within that plot, we needed
to correct for differences in sample size among
plots. To do this, we equalized plot-level sample
size differences between surveys using a resampling method. Speciﬁcally, we identiﬁed the minimum sample size for each plot as the target
number (for plots with n ≥ 20). For the survey
period that had more stems, we sampled without
replacement to get the target number of stems.
To account for resampling error in the simulations of tree infection (i.e., the uncertainty around
the estimated number of infections in every random draw), we included a plot-level binomial
uncertainty in each iteration. Only the plot-level
simulations of infection rate included the binomial uncertainty, however, since there was no
sampling uncertainty when all trees were
included. We then calculated extent, infection
rate, and spread rate for each simulation
(Table 1). The reported value for spread rate was
normalized to a 20-year time interval. Final
results were based on 1000 iterations with mean

annual recruitment by species. To estimate uncertainty, we resampled counts of recruits and survivors using Poisson distributions with the rate
parameter deﬁned by the observed number of
recruits and survivors (sensu Crowley 1992).
Results were based on 1000 iterations and
reported as means  95% conﬁdence intervals.

Blister rust extent, infection rate, and spread rate
We estimated the extent, infection rate, and
spread rate of blister rust for each species (see
Table 1 for detailed equations and descriptions
of these terms). We deﬁned extent (Ey) simply as
the proportion of plots dominated by species y
with at least one white pine tree infected by blister rust. Infection rate (IRy) is a plot-level measure of blister rust infection at a speciﬁc
sampling time for species y and across all species.
Spread rate (SR) calculates the change in infection rate over time.
Given that extent, infection rate, and spread
rate are based on plot-level assessments
(Table 1), we took care in our analysis to account
for biases related to sample size. First, we only
included plots that had at least 20 individuals of
the target species in both surveys. This minimum
was set to ensure a reasonable probability of
detecting blister rust if it was present. This
reduced the number of plots used to model blister rust dynamics to 138. Assuming an infection
v www.esajournals.org
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values representing the central tendency and the
95% conﬁdence intervals representing the uncertainty.

survey, we constructed a logistic regression
GLMM (using R package lme4 with binomial
family link). Current health status was the binomial-dependent variable. Independent variables
included the following: tree size (DBH), blister
rust infection status from the ﬁrst survey, and an
interaction term between blister rust infection
and DBH to account for the impact of blister rust
on the probability of mortality relative to tree
size. Plot was treated as a random effect. Model
discrimination was evaluated using the area
under the receiver operating characteristic curve
(AUC; Hosmer et al. 2013). Model calibration
was estimated with Brier’s quadratic probability
score using the val.prob function in the rms
package (Harrell et al. 2019). The Brier score
ranges between 0 and 1 with a score of 0 indicating exact agreement between predicted probabilities and realized probabilities and a score of 1
indicating no agreement (Wilks 2010).

Modeling blister rust infections and mountain
pine beetle activity
To identify factors associated with blister rust
infections, we developed four logistic regression
GLMMs to explain: (1) ﬁrst survey infections of
blister rust in sugar pine, (2) ﬁrst survey infections in western white pine, (3) infections that
were detected during the second survey for
sugar pine, and (4) infections that were detected
during the second survey for western white pine.
Models were not developed for whitebark pine
and foxtail pines because there were too few blister rust infections to build a reliable model (Case
and Ambrosius 2007).
All four blister rust models estimated tree-level
infections (presence/absence) using the lme4
package glmer function with the binomial family
link (Bates et al. 2020). We included plot as a random effect. DBH (cm) was the only independent
tree-level variable. The remaining plot-level variables included distance to nearest stream (m),
occurrence of ﬁre, slope, aspect (south, southeast
and southwest facing = 1, north, northeast and
northwest facing = 0), presence/absence of Ribes
spp., and elevation. We veriﬁed that independent
variables were not highly correlated (r > 0.5;
Appendix S1: Fig. S2). An additional check for
variance inﬂation using R package (car; Fox et al.
2019) found that the covariances of the independent variable estimates were not highly inﬂated
(inﬂation factor >2).
To identify factors associated with MPB attack,
we developed species-speciﬁc logistic regression
GLMMs. Plot was included as a random effect.
Tree-level explanatory variables included DBH
and blister rust infection status. Plot-level variables included occurrence of ﬁre, slope, aspect,
and elevation. We checked for variance inﬂation
following the same methods outlined above.

RESULTS
Changes in stand structure
Over the course of the two survey periods,
there were noticeable changes in stand structure
among species, especially in sugar pine (Table 2).
In the initial survey, plot size averaged 3998 m2
to capture a minimum of 30 trees. As is typical in
old-growth forests, stands exhibited a reverse-j
shaped size distribution with many more small
trees than large ones (Appendix S1: Figure S3).
In the re-survey, plot size increased to an average
of 4310 m2 to capture a minimum of 30 trees. The
necessary extension of the plots was particularly
frequent in sugar pine-dominated areas, as plot
size increased from an average of 5819 to
6796 m2 (an increase of 17%). Even with plot
extensions, however, the average number of live
sugar pine sampled decreased from an average
of 46.6 to 32.8 live trees, resulting in a decrease in
sugar pine density from 137.8 to 73.6 trees/ha
(Table 2). In contrast, white pine basal area
increased slightly between surveys from an average of 20.5 to 21.8 m2/ha.

Inﬂuence of blister rust on probability of mortality
To assess the effect of blister rust on probability of mortality, we evaluated health status (live
or dead) of sugar pine and western white pine
from plots where blister rust had been observed
in the original study (n = 42 plots). Using DBH
and blister rust observations from the original
v www.esajournals.org

White pine demographic rates
The mortality rate of trees from the original
survey was strongly linked to species (Figure 2).
Sugar pine had the highest mortality: 52% of the
trees measured in the ﬁrst survey died
8
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Table 2. Changes in plot size and composition of white pine (density and basal area) for study areas in Sequoia–Kings Canyon National Parks.
1995–1999
Species

Plot area (m2)

Density
(stems/ha)

Sugar pine
Western white
Whitebark pine
Foxtail pine
All

5819 (104)
3576 (50)
2616 (27)
3233 (39)
3998 (38)

138 (2)
194 (3)
219 (2)
196 (2)
182 (1)

2013–2017
Basal area
(m2/ha)

Plot area (m2)

Density
(stems/ha)

Basal area
(m2/ha)

13.7 (0.2)
22.8 (0.3)
10.3 (0.2)
34.1 (0.4)
20.5 (0.2)

6796 (100)
3763 (59)
2622 (26)
3252 (40)
4310 (40)

74 (1)
182 (3)
224 (2)
202 (2)
163 (1)

14.1 (0.2)
25.5 (0.3)
11.3 (0.2)
36.2 (0.4)
21.8 (0.2)

Annual mortality/recruitment rate (%/yr)

Note: Means (with SEs in parentheses) summarized for the two survey periods.

4
Mortality
Recruitment
3

2

1

0
Sugar pine

Western white

Whitebark pine

Foxtail pine

Fig. 2. Annual mortality (gray bars) and recruitment rates (green bars) by white pine species. Error bars represent 95% conﬁdence intervals.

were much lower than mortality rates (Figure 2).
Recruitment in sugar pine, though highest
among all white pine species, did not offset the
high mortality rate. Consequently, the average
number of trees per hectare declined from 137.8
to 73.6 between surveys. Most of these losses
occurred in the smallest size classes (Appendix
S1: Fig. S3). Trees per hectare also declined in
western white pine but increased in whitebark
pine and foxtail pine (Table 2).

(speciﬁcally, 910 of 1760 surveyed trees died).
The annualized sugar pine mortality rate was
3.7% (95% conﬁdence interval [CI] = 3.4–4.1%).
Western white pine experienced the next highest
mortality: 13%, or 243 of 1826 trees from the original survey died, which results in an annualized
mortality rate of 0.8% (CI = 0.7–0.9%). The other
higher elevation white pines fared better, as the
cumulative mortality for whitebark pine and foxtail pine was only 2% (29 of 1368 trees and 41 of
1875 trees, respectively). This translated to an
annualized rate of 0.1% (CI = 0.1–0.2%) for both
species.
Both foxtail and whitebark pine recruitment
rates (approximately 0.2%/year for both species)
were slightly higher than mortality rates, while
sugar pine and western white pine recruitment
rates (1.6%/year and 0.15%/year, respectively)
v www.esajournals.org

Changes in blister rust extent and infection rate
and patterns of mountain pine beetle attacks
The extent (i.e., proportion of plots with at
least 1 infection) of blister rust increased from
20.3% to 32.6% across the landscape between surveys (Table 3). By 2017, almost one-third of the
plots had at least one tree infected by blister rust
9
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Table 3. Summary statistics of blister rust extent, infection rate and spread rate in Sequoia–Kings Canyon
National Parks.
Extent (%)

Infection rate (%)

Dominant species

No.
plots

No.
trees

1995–1999

2013–2017

1995–1999

2013–2017

Spread rate (Δ/20 yr)

Sugar pine
Western white pine
Whitebark pine
Foxtail pine
All species

32
40
29
41
138

1090
1578
1242
1770
5931

65.6 (59.4, 71.9)
17.5 (12.5, 22.5)
0
0
20.3 (18.1, 22.5)

53.1 (43.7, 62.5)
55.0 (45.0, 62.5)
13.8 (6.9, 20.7)
0
32.6 (29.0, 35.5)

19.1 (16.8, 21.7)
3.0 (2.1, 4.0)
0
0
5.3 (4.7, 5.9)

6.4 (4.8, 8.1)
8.7 (7.4, 10.1)
1.1 (0.5, 1.8)
0
4.2 (3.7, 4.8)

-13.2 (−16.5, −10.3)
6.3 (4.6, 8.1)
1.1 (0.5, 1.8)
0
-1.0 (−1.9, −0.1)

Notes: Results calculated for each white pine species in plots with ≥20 individuals sampled. No. plots is the number of qualiﬁed plots; no. trees is the number of trees used in the simulations based on the minimum number of live trees between survey
periods. Year range indicates the survey period. Means reported from 1000 simulations with 95% conﬁdence intervals in parentheses.

survey, tree size was negatively associated with
blister rust (estimate = −0.36, P < 0.01) and the
presence of Ribes spp. (estimate = 1.80, P = 0.02)
was positively associated with blister rust, while
tree size (estimate = 0.26, P < 0.01) was positively associated with blister rust in the second
survey. For western white pine, elevation was
negatively associated with blister rust infection
in both surveys (estimate = −4.61, P < 0.01 in
ﬁrst survey, estimate = −2.76, P < 0.01 in second
survey), while tree size (estimate = 0.25,
P = 0.02) and the presence of Ribes (estimate =
1.56, P = 0.02) were positively associated with
blister rust in the second survey.
Factors associated with MPB attack also varied
by species and included increasing tree size (estimate = 0.49, P < 0.01) and the occurrence of blister rust infections (estimate = 1.01, P = 0.009) for
sugar pine, higher basal area for western white
pine (estimate = 1.20, P = 0.03), and lower elevation for western white pine (estimate = −7.33,
P = 0.007) and foxtail pine (estimate = −11.68,
P = 0.006; Figure 6). None of the other variables
tested had a signiﬁcant association with the presence of MPB. Overall, less than 3% of surveyed
sugar pines and less than 1% of western white,
foxtail, and whitebark pines showed signs and
symptoms of MPB attacks (Appendix S1:
Fig. S4).

(Figure 3). Infection rate across all species, however, declined from 5.3% to 4.2%, though this
varied greatly by species. The infection rate
decreased from 19.1% to 6.4% in sugar pine
(Table 3); the decline of infections was observed
across all size classes below 60 cm DBH. In contrast, infection rates increased from 3.0% to 8.7%
in western white pines; they also experienced the
highest increase in extent over the past twenty
years from 17.5% to 55.0% (Table 3). Only 1.1%
of whitebark pines were infected, and no infections were found on foxtail pines. Some trees also
changed in infection status. Speciﬁcally, 15%
(n = 70 sugar pines and n = 4 western white
pines) of infected trees during the ﬁrst survey
were still alive but showed either no signs of blister rust infections or no suspected infections in
the second survey (Appendix S1: Fig. S1).
At the landscape scale, there was a strong association among blister rust infection, MPB, and
elevation, as blister rust and MPB were more
common at lower elevations (Figure 4). Mean
observed signs of MPB attacks declined in the
higher elevation white pines (Figure 4). MPB
was more frequent than blister rust in sugar
pines and foxtail pines, while blister rust infections were more abundant in western white
pines and whitebark pines (Appendix S1:
Fig. S4). Interestingly, the relationship between
blister rust and elevation appears to have shifted
between survey periods. In models that included
all white pine species, the maximum probability
of infection shifted upslope into higher elevations
(Figure 4).
At the species level, correlates of blister rust
differed between sugar pine and western white
pine (Figure 5). For sugar pine, in the ﬁrst
v www.esajournals.org

Relationship of mountain pine beetle, ﬁre, and
blister rust on mortality
White pine mortality was driven by multiple
factors, and their occurrences differed among
species. For sugar pine, western white pine,
and whitebark pine, MPB was an important
factor associated with mortality (Figure 7a).
10
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Fig. 3. Historic and current blister rust infections across all long-term monitoring plots in Sequoia and Kings
Canyon National Parks. Red denotes new infections (spread), yellow denotes historic (ﬁrst survey) infections,
and shapes indicate the dominant white pine species in each plot Permission to use this ﬁgure granted by NPS,
Alex Eddy (map author).

foxtail pine and were observed in <10% of both
dead and live trees.
Fire was also an important factor in mortality
for both sugar pine and western white pine. The

Signs of attack were observed in 29%, 49%, and
33% of dead trees for these three species,
respectively, compared to only <1%, 10%, and
7% in live trees. MPB attacks were rare in
v www.esajournals.org
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MPB

Mean attacked or infected stems/plot

Second survey
10

First survey

5

0
Western white
Sugar pine

Whitebark
Foxtail

1500

2000

2500

3000

3500

Elevation (m)

Fig. 4. Association among infection rate, mountain pine beetle (MPB) attack, and elevation for white pine species at Sequoia and Kings Canyon National Parks. For blister rust, infection rate is presented for the ﬁrst (gray
line) and second survey (orange line). For MPB attack, results are only available for the second survey (blue line);
includes dead and live trees with MPB attacks. Shaded areas represent 95% conﬁdence intervals around local
non-parametric regression (loess) estimates.

calibration was good (Briar score = 0.17), though
it tended to under-predict the probability of mortality at low probability values and overpredict
at high probability. DBH, blister rust infection
status, and the interaction between DBH and
blister rust were all signiﬁcant predictors of mortality for both sugar pine and western white pine
(Figure 8). The western white pine model had
moderately high predictive power, correctly classifying 84% of the trees with an AUC value of
0.87. Model calibration was also good (Briar
score = 0.12). Overall, 74% (270 of 364) of sugar
pine infected with blister rust in the original
study died compared to 46% (439 of 955) of uninfected sugar pine. Mortality rates were lower for
western white pine, but blister rust infection was
still a strong predictor of mortality, as 61% (51 of
84) of infected western white pine died compared to only 16% (57 of 353) of uninfected western white pine. Larger trees were also less likely
to have died between surveys compared to smaller trees (Figure 8).

percent of trees that died in burned plots was
61% for sugar pine and 50% for western white
pine, while the percent of trees that died in
unburned plots was only 29% for sugar pine and
6% for western white pine (Figure 7b). Fire was
extremely rare in plots dominated by whitebark
pine or foxtail pine and likely did not inﬂuence
mortality for these species.
To assess the effect of blister rust infection on
mortality, we examined trees within plots where
blister rust was observed in the original survey.
These data included 1756 trees (1319 sugar pine
and 437 western white pine) from 42 plots. A
small number of whitebark pine (eight trees) and
foxtail pine (19 trees), that occurred within two
of the western white pine-dominated plots, were
excluded from this analysis due to the low sample sizes. Separate models were created for sugar
pine and western white pine. The sugar pine
model had moderately high predictive power,
correctly classifying 76% of the trees as alive or
dead with an AUC value of 0.83. Model
v www.esajournals.org
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Fig. 5. Factors associated with blister rust infection from the ﬁrst survey (a, b) and the second survey (c,d) for
sugar pine and western white pine. Bars show coefﬁcient estimates and standard errors from logistic regression
outputs. Streams = distance to nearest stream. Signiﬁcance codes: **P < 0.01, *P < 0.05.

DISCUSSION

the drivers of these changes, particularly factors
affecting white pine susceptibility, is critical for
assessing the future vulnerability of these white
pine populations.
While previous studies suggested that sugar
pine populations were declining slowly over the
past few decades in the southern Sierra Nevada
(van Mantgem et al. 2004, Das et al. 2016), our
study found that the rates of decline are much
greater than previously documented and driven
by multiple factors, including blister rust, ﬁre,
and MPB. We reported an annual mortality rate
more than double the annual recruitment rate
(Figure 2). As a result, the sugar pine population
was reduced by more than half over the last
20 yr in our study. Sugar pine mortality was best
explained by ﬁre, MPB, blister rust, and size class
(smaller size classes had higher probabilities of
mortality), which is consistent with previous
studies (van Mantgem et al. 2004, Nesmith et al.
2011, Das et al. 2016). In addition, a large

During the ﬁrst survey, blister rust infection
rates in SEKI were highest in sugar pine populations, followed by much lower infection rates in
western white pine, and no detected infections in
whitebark or foxtail pine plots. Twenty years
later, sugar pine populations experienced high
mortality rates and a major decline of blister rust
infections, as infected trees were more likely to
have died than uninfected trees. While mortality
was lower in western white pines, blister rust
extent and infection rate increased and spread
further into subalpine white pines—the ﬁrst
infections were detected in whitebark pine
plots. Historically, the southern Sierra Nevada
has had lower blister rust and MPB outbreaks
compared to other regions (Smith and Hoffman
2000). Our results show that these trends are
changing and negatively impacting white pines
in the southern Sierra Nevada. Understanding
v www.esajournals.org
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Fig. 6. Factors associated with MPB attack in the second survey. Bars show coefﬁcient estimates and standard
errors from logistic regression outputs; signiﬁcance codes: **P < 0.01, *P < 0.05.

proportion of the sugar pine plots were surveyed
in 2015 before the full effect of the recent
2012–2016 drought had been realized. Other surveys in 2017 showed mortality in sugar pine was
as high as 80% (Nesmith, unpublished data), indicating that our results may underestimate current sugar pine mortality rates. Though western
white pines experienced much lower annual
mortality compared to sugar pines, mortality
rates were still four times greater than recruitment rates (Figure 2), leading to a 13% decline in
western white pines over the last 20 yr.

pines; Dunlap 2011), as well as the northern
Rocky Mountains and Canadian Rockies (Zeglen
2002, Smith et al. 2012), some have hypothesized
that the southern Sierra Nevada may be a potential refuge against blister rust. If rising temperatures create more suitable conditions for blister
rust spread in the subalpine zone, however, this
refuge will be threatened. Additionally, the
increase in blister rust at higher elevations is particularly concerning for western white pine.
While infection rates remain lower compared to
regions of the Intermountain West (e.g., 50–80%;
Kim et al. 2003, Tomback and Achuff 2010), blister rust was the most abundant biotic agent of
mortality in western white pine (Appendix S1:
Fig. S4). Given western white pine’s low resistance to blister rust in the Sierra Nevada (Kinloch
et al. 2003), western white pine populations
could follow demographic trends found in sugar

Blister rust threatens white pines in SEKI
Because the prevalence of blister rust in southern Sierra Nevada subalpine forest communities
has been lower in the past two decades compared to northern California (e.g., 35% in Tahoe
Basin whitebark pine and 12% in northern foxtail
v www.esajournals.org
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Fig. 7. (a) Proportion of live and dead trees with signs of beetle activity for sugar pine, western white pine,
whitebark pine, and foxtail pine (includes all trees within plots where beetle activity was recorded from the second survey). (b) Proportion of live trees in burned and unburned plots for sugar pine and western white pine.
Both ﬁgures displaying standard error bars.

Fig. 8. Modeled effects of tree size and blister rust infection from the ﬁrst survey on the probability of mortality
for (a) sugar pine and (b) western white pine. Showing 95% conﬁdence intervals.

the ﬁrst survey, with disproportionately high
mortality among previously infected trees. The
current infection rate suggests that blister rust
has not spread into the remaining (and newly
recruited) population at previously observed
levels. There are several, non-mutually exclusive,
mechanisms that might explain this pattern.

pine today. Despite the relatively low infection
rates, there is evidence that blister rust has
already increased mortality rates in western
white pine in SEKI (Figure 8a).
The large decline in infection rates among
sugar pine was unexpected. The species has
experienced very high levels of mortality since
v www.esajournals.org
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Disease spread at lower elevations may have slowed due to changes in climatic suitability for the
disease (i.e., warming temperatures) and
increased rarity of sugar pine hosts due to population declines. Additionally, blister rust tends to
spread sporadically, with large increases in infection during wave years (Kinloch 2003). The frequency of wave years may have declined since
the ﬁrst survey due to warming temperatures
and the recent drought event in California.

2010) and nearby infected regions could disperse
spores into burned areas. Fire impacts are therefore likely temporally, spatially, and species speciﬁc. While ﬁres contributed to high mortality in
sugar pine, the effect on blister rust infection rate
was undetectable. We may have missed the most
immediate effects of ﬁre (i.e., reduced numbers of
infected hosts) because a signiﬁcant amount of
time had passed following the majority of ﬁres
(~8 yr) by the time we remeasured the trees.

Mountain pine beetle and ﬁre interactions with
blister rust spread

Future directions
Increasing the frequency of long-term monitoring programs will be critical to further disentangle
the drivers of blister rust spread from various confounding factors, particularly ﬁre, climate warming, and beetles. This information may guide
management decisions and help identify the most
appropriate and effective strategies for restoration
through a better understanding of the main drivers of change in these ecosystems. For example,
protecting large cone-bearing sugar pine from
beetle attack using anti-aggregation pheromones
during, or immediately following, drought could
be an effective strategy to ensure continued
recruitment. Given the increasing extent of wildﬁres (Stephens et al. 2013), and likely future
increases in prescribed ﬁres, due to recent management imperatives (Brown 2018), investigation
into the impacts of ﬁre severity and ﬁre-by-environmental conditions would also help elucidate
the potentially complex blister rust-ﬁre relationship. Additionally, studies investigating gene-byenvironment effects, particularly for foxtail pines,
will be important to better understand the susceptibility of white pines in the Sierra Nevada. While
recent trials demonstrated that foxtail pine is one
of the most susceptible species (R. Sniezko, personal communication), our in situ results indicated
that foxtails are the least susceptible. We did,
however, ﬁnd evidence of blister rust infections in
foxtail pine (see Appendix S1: Fig. S5) outside of
the monitoring plots. These ﬁndings suggest
unknown environmental constraints may be acting on blister rust in SEKI foxtail pines.

For sugar pine, the presence of MPB was associated with blister rust infections. The link between
MPB and blister rust is a common pattern found
in montane regions (Campbell and Antos 2000,
Schwandt and Kegley, 2004, Larson 2011, Bockino
and Tinker 2012). Blister rust infections can predispose white pines to beetle attack by weakening
their defense mechanisms, though this trend was
found to decline in larger diameter trees (Bockino
and Tinker, 2012). Successful MPB attacks can kill
a tree within one year, while blister rust often kills
trees much more slowly and sometimes not at all
(e.g., a few small diameter stems with bole cankers in our plots were still alive 20 yr later). MPB
attacks can therefore reduce blister rust propagules by killing pine hosts more quickly, an effect
that may be particularly important where climatic
conditions are marginal for pathogen reproduction. We did not, however, ﬁnd evidence for this
relationship in western white pine, suggesting
that the importance of these biotic–biotic interactions may vary by species and across strong environmental gradients (altitude).
While we expected the presence of ﬁre to be
associated with blister rust infection, we did not
ﬁnd strong evidence of this relationship in our
study. Fires may affect the blister rust pathosystem through four mechanisms: (1) increasing
selection for rust resistance in recruiting individuals (Tomback et al. 1995), (2) reducing spore
propagules by burning both the white pine and
alternate hosts, (3) preferentially removing small
trees, resulting in lower exposure time for the
recruiting population, and (4) increasing surface
temperatures and reducing humidity that may
lead to unsuitable climate conditions for blister
rust reproduction. For example, Ribes spp.
resprout following ﬁre (Quick 1962, Zambino
v www.esajournals.org

CONCLUSION
Blister rust dynamics in SEKI have changed
signiﬁcantly over the last 20 yr in three of the
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