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ABSTRACT: Forests dominated by old growth ponderosa pine (Pinus ponderosa Dougl.) at Crater Lake,
Oregon, have been viewed as good candidates for restoration via prescribed burning. Previous burn
experiments in this ecosystem observed that ponderosa pine typically survived burning treatments but
suffered high post-ﬁre mortality from bark beetle attacks. This paper describes the results of four years
of post-ﬁre monitoring of ponderosa pine mortality and resin ﬂow in areas subjected to low intensity
spring burning (SB), moderate intensity fall burning (FB), or no burning (unburned controls, UC).
Crown vigor estimates, correlated with ring width indices, were also included as a factor in mortality
and resin ﬂow analyses. Burn treatment was signiﬁcant in both ponderosa pine mortality and resin
ﬂow, as follows: FB > SB > UC. These results suggest that resin defenses overall did not protect trees
from post-ﬁre beetle attacks. Crown vigor was positively related to both survival and resin ﬂow. The
relationships between burning, tree vigor, and resin defenses in this study suggest a complex web of
interactions. Although some physiological mechanisms are still unconﬁrmed, these ﬁndings suggest that
beetles may have been attracted to ponderosa pine following burning, perhaps via the release of volatile
resin compounds. Following attraction, resin defenses appear to have been important for protecting
trees from beetle attacks, with greater defenses in trees with higher crown vigor and higher growth
rates. Management recommendations, including a gradual and incremental approach to ﬁre restoration
in these stands, are suggested.
Index terms: bark beetles, mixed-conifer, oleoresin, prescribed burning, vigor

INTRODUCTION
Ponderosa pine (Pinus ponderosa Dougl.)
forests of the western and southwestern
United States present the classic case for
ﬁre restoration. Following over one hundred years of ﬁre exclusion, many stands
have shown increases in tree density, fuel
loading and wildﬁre severity, and overstory
mortality compared to historic conditions
(Parsons and DeBenedetti 1979; Agee
1993; Covington and Moore 1994; Sugihara et al. 2006). Consequently, widespread
interest exists in restoration treatments that
mimic elements of the historic disturbance
regime while maintaining the presence
of dominant individual pines (Thomas
and Agee 1986; Sackett and Haase 1998;
Friederici 2003; Kolb et al. 2007). Such
treatments, including prescribed burning
and mechanical fuel reduction, have shown
considerable promise in the short term for
reducing post-treatment wildﬁre intensity
or severity (Pollet and Omi 2002; Finney
et al. 2005; Raymond and Peterson 2005;
Stephens et al. 2009). However, long-term
success with this strategy remains uncertain, and successful restoration may involve
more than simply lighting prescribed ﬁres,
for example, in ﬁre-excluded areas.
Restoring ﬁre in the mixed-conifer forests
of Crater Lake National Park, Oregon, has
been a mixed success story so far. In these
stands, a ﬁre history study suggested that
a low severity ﬁre regime (Agee 1993) ex-
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isted during pre-settlement times (McNeil
and Zobel 1980). The regime apparently
ended following park establishment in
1902, when ﬁre exclusion and land-use
changes suddenly and profoundly reduced
the inﬂuence of ﬁre on park lands. Prescribed burning began in the late 1970s
and was intended to reduce tree density
(particularly of post-settlement ﬁrs, Abies
spp.), reduce fuel loading, and maintain
larger ponderosa and sugar pine (Pinus
lambertiana Dougl.) individuals. After the
ﬁrst decade of burning, however, problems
with these treatments became apparent.
Speciﬁcally, canopy-dominant ponderosa
and sugar pines were dying in the ﬁrst
few years following these ﬁres, with most
post-ﬁre mortality ultimately attributed to
bark beetle attacks, particularly from the
western pine beetle (Dendroctonus brevicomis LeConte, attacking ponderosa pine)
and mountain pine beetle (D. ponderosae
Hopkins, attacking sugar pine) (Thomas
and Agee 1986; Swezy and Agee 1991).
Further research at Crater Lake and elsewhere conﬁrmed that this response pattern
is widespread: beetle attacks and beetlecaused tree mortality in ponderosa pine
forests increase signiﬁcantly following
prescribed burns or wildﬁres (Miller and
Keen 1960; Ganz et al. 2003; McHugh
et al. 2003; Breece et al. 2008). As ﬁre
restoration in these forests is frequently
intended to maintain large pine individuals,
high post-ﬁre tree mortality has become a
critical management issue in many areas
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(Kolb et al. 2007; Crater Lake NP staff,
pers. comm. 2007).
Much speculation has ensued regarding
the mechanism behind increased post-ﬁre
beetle attacks. Although many possible
interactions could be conceived between
ﬁre and subsequent beetle attacks in injured trees, most discussion has focused
on conifer resin defenses and bark beetle
host selection. (For a review of bark beetle
host selection and ecology, particularly
concerning D. brevicomis, see Miller and
Keen (1960), Wood (1972, 1982), Moeck et
al. (1981), Raffa et al. (1993); conifer resin
defenses, as well as interactions between
beetles and resin, have been reviewed by
Byers (1995), Phillips and Croteau (1999),
Smith (2000), Trapp and Croteau (2001),
and Seybold et al. (2000, 2006).
Based on the accumulated body of knowledge on these processes, there appear to
be two main possibilities for why western
pine beetles might be more successful at
killing ponderosa pines following ﬁre:
(1) reduced tree defenses (and unchanged
number or effectiveness of beetle attacks)
or (2) unchanged tree defenses and a greater
number of total beetle attacks. The latter
possibility implies that ﬁre induces primary
attraction to injured trees (Moeck et al.
1981; Wood 1982) or somehow increases
the potency of the pheromone mixture
emitted by beetles. It is also possible that
both compromised defenses and increased
attraction occur together.
A recent article on seasonal burning at
Crater Lake provided some preliminary
results from this project (Perrakis and Agee
2006). For two years after spring and fall
burns in Crater Lake mixed-conifer stands,
higher mortality of large ponderosa pines
was observed in hot fall burns than in
cool spring burns or controls; high vigor
trees were also signiﬁcantly more likely
to survive than low vigor trees, based on
visual assessments of crown vigor. Bark
beetle attacks were associated with most
large pine mortality, with western pine
beetle and possibly red turpentine beetle
(D. valens LeConte) attacks being the most
important species. Part of that study also
concerned ﬁre effects on ponderosa pine
resin defenses, seeking to identify whether

ﬁre might reduce resin ﬂow or pressure.
No evidence of such a mechanism was
detected, with many burned trees showing
higher resin ﬂow than unburned controls
up to two years after treatment. These
ﬁndings suggested some important gaps
in the state of knowledge on ﬁre-beetle
interactions in this system.
The objective of this study was to continue
monitoring resin defenses and mortality
in this system for a total of four years
following prescribed burning treatments.
Speciﬁcally, the study was designed to
answer the following questions: for how
long (up to four years) is the elevated
mortality signal detectable after spring and
fall burning treatments in this ecosystem,
and how does it relate to tree vigor indices
and different burning treatments? What
is the nature of the post-ﬁre resin ﬂow
response in this ecosystem? Does resin
ﬂow remain elevated for more than one
year after burning, return to the level of
unburned control trees, or become reduced
compared to controls, within four years
after burning treatment? Answering these
questions would help provide managers
with specific guidance on restoration
treatments and policies to conserve these
legacy trees in the landscape.
METHODS
Study area and burn treatments
Crater Lake National Park is located at the
crest of the southern Oregon Cascades.
The experimental site consisted of an area
of previously unmanaged (except for ﬁre
exclusion since 1902) mixed-conifer forest dominated by old-growth ponderosa
pines, with a variable-density undergrowth
composed of several other conifers: white
ﬁr (Abies concolor (Gord. and Glend.)
Lindl. ex Hindebr.), Shasta red ﬁr (Abies
magniﬁca var. shastensis Lemm.), lodgepole pine (Pinus contorta var. murrayana
(Greg. and Balf.) Engelm.), and several
other species. The mean diameter at breast
height (dbh) of the ponderosa pine population was about 90 cm (Perrakis and Agee
2006), with very few trees smaller than
40 cm dbh; increment cores taken from
several samples suggest that the larger trees
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were 300 to 400 years old (D. Perrakis,
unpubl. data). The 67 – ha study area was
divided into 24 separate experimental units
of approximately 2 – 4 ha each, separated
randomly into spring burn (8), fall burn
(8), and control (8) treatments.
Prescribed ﬁre treatments were conducted
in spring (late June) and fall (early October) 2002. As described previously
(Perrakis 2004; Perrakis and Agee 2006),
ﬁre behavior and areal coverage in spring
burns were somewhat less intense than
intended (ﬁre coverage within burn units
19% – 57%), while fall burns were closer
to desired prescription values (coverage
between 64% – 86%). Spring burn effects
were conﬁned to the upper forest ﬂoor and
understory, with some lower bole charring observed and possible root mortality
experienced by most overstory pines, but
very little crown scorch or duff consumption. In contrast, fall burn effects included
much greater consumption of forest ﬂoor
layers, extensive bole charring, and occasional scorching of the lower crowns
of dominant pines (Perrakis 2004). Thus,
season of burn was confounded with ﬁre
intensity, and the three treatments in this
experiment can, therefore, be described as
cool spring burns (SB), hot fall burns (FB),
and unburned controls (UC).
Vigor and mortality monitoring
The ponderosa pine population inside the
study area included 1725 individuals. Before treatment, we assessed the crown vigor
of these trees using a simple categorical
assessment based on the ‘California Pine
Risk-Rating System’, as described by
F.P. Keen (1943). This method involves a
qualitative estimate of overall tree vigor
based on crown appearance and approximate age-class, with four classes – A (most
vigorous) through D (least vigorous). The
entire sample of 1725 trees was monitored
annually for mortality during the 2002
– 2006 period, and signs of bark beetle
attacks, including pitch tubes, frass, gallery
patterns, and feeding by woodpeckers were
noted to identify beetle-related mortality.
Although tree diameter data was collected,
it was non-signiﬁcant in previous mortality
analyses (Perrakis 2004) and so was not
Natural Areas Journal 15

included here; this population consisted entirely of mature and old-growth individuals.
Likewise, 96 of the trees were subjected
to resin ﬂow sampling (see below) and
previous resin exudation pressure measurements. These efforts were believed to have
had negligible effects on the trees and were
not factored into the mortality analysis. In
addition, half of the resin ﬂow trees were
also treated with a light basal litter raking
treatment. Although fuel raking may be a
useful technique to reduce the heat affecting a tree’s lower bole (Hood 2010), the
treatments applied in this study appeared
ineffective for this purpose, as considerable
smoldering still occurred in the remaining
unraked duff (Perrakis 2004). Therefore,
the light raking treatments were also omitted from analysis in this study.
Increment cores of the outer xylem rings
were collected in summer 2005 from 10
trees per experimental unit. In each unit,
cores were taken at breast height (1.4 m)
from the north sides of ﬁve A- or B-class
trees (referring to Keen’s crown vigor
classes), and from ﬁve C- or D-class trees;
trees were randomly selected within each
unit out of the pool of available A/B and
C/D class trees. This sampling strategy
resulted in 239 viable cores being collected in total (one core was lost during
analysis). On all cores, the number of rings
in the outer centimeter was counted and
Mahoney’s Periodic Growth Ratio (PGR)
was calculated. The PGR evaluates the ratio
of the most recent ﬁve years of growth
(ring widths) to those of the previous ﬁve
years, thereby indicating whether radial
growth has been increasing, stable, or
decreasing within the past decade (Raffa
and Berryman 1982).
Resin flow monitoring
Resin ﬂow was measured on a subsample
of the full study population: 96 large ponderosa pines were monitored on several
occasions before and after prescribed ﬁre
treatments (Perrakis 2004). This group was
split into 48 each of high vigor and low
vigor trees, with four of these trees (two
high vigor, two low vigor) located in each
of the 24 experimental units described
above. Trees were selected randomly
16

for resin sampling based on crown vigor
classes; the high vigor group consisted of
A-class trees (or B-class, when no A-class
trees existed) and the low vigor group
consisted of C-class trees.
Resin sampling involved drilling angled
holes into each tree bole at approximately
breast height (1.2 – 1.5 m), with brass funnels directing resin into centrifuge tubes,
and resin volumes measured 24 hours
after drilling. Two holes were drilled in
each tree at each measurement time, on
approximately opposite sides of the bole.
Pre-treatment resin ﬂow data were collected only from the fall burn experimental
units and half of control treatment units.
As a result, the full dataset of resin ﬂow
values are compared only in terms of total
resin volume at each time period; a separate
analysis based on differences from pre-burn
values was done only for the fall burn units
(see Data Analysis below). Pre-treatment
sampling on fall treatments (burns and
four control units) was conducted in early
September 2002. Measurements in 2003
– 2006 were conducted in mid-August of
each year for consistency, with all measurements conducted within a few days
of stable weather to avoid bias. Although
2002 – 2004 data were previously presented
(Perrakis and Agee 2006), results from all
years are included for completeness.
Data Analysis
The mortality analysis used logistic regression on individual tree data (Dalgaard
2002). Treatment (SB, FB, UC) and Keen’s
crown class (class A, B, C, or D) were
the categorical predictor variables. The
model was ﬁtted twice: once for the entire
sample (N=1725) and once excluding trees
that were obviously killed directly by ﬁre
(i.e., trees that burned through at the base),
windthrow, or other causes (N=1701). The
second run was designed to isolate the
major factor of interest to this study, that
being post-ﬁre attacks by bark beetles and
other insects or pathogens.
Increment core data were analyzed using
a simple one-way analysis of variance.
Mahoney’s PGR and the number of rings
per outer cm were both evaluated separately
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as a function of crown vigor class. Posthoc pairwise differences were evaluated
using Tukey’s HSD test (Zar 1999) at the
D =0.05 level of signiﬁcance.
The resin ﬂow monitoring data were analyzed using split-plot design linear models
(Oehlert 2000; Pinheiro and Bates 2000).
Replication (the burn treatments) and tree
grouping were at the level of experimental unit, with resin ﬂow measured in the
four sample trees per unit. Resin volumes
were square-root transformed to stabilize
variances before analysis. Categorical
predictors included Crown class (high or
low, based on Keen’s classes A/B or C),
treatment (UC, SB, FB), and year (2003
– 2006). Fall burn treatment units and four
control units were also analyzed separately
as differences from pre-treatment resin ﬂow
values. For this analysis, pre-treatment
values were subtracted in each tree from
each year’s measured values (post – pre);
differences could, therefore, be either positive or negative. Fixed factors (treatment,
crown class, and year) and all interactions
were initially included in the model; terms
were included in the ﬁnal model based on
the D=0.05 level of signiﬁcance.
All analyses described in this study were
performed using R version 2.7 (R – Project
Collective; available online: http://www.
r-project.org), with differences evaluated
at the D =0.05 level of signiﬁcance.
RESULTS
Ponderosa pine mortality
By fall 2006, 139 large ponderosa pine
individuals had died, representing 8.1% of
the original population of 1725. Of those
that died, 24 were estimated to have been
killed directly by burning or windthrow
in 2002 or early 2003. Mortality for the
remaining 115 trees out of 1701 (6.8%)
was at least partly related to post-treatment
insect or pathogen attack. The majority of
killed trees occurred in burned treatment
units (SB or FB; Table 1).
The main effects logistic regression model
was signiﬁcant at the D=0.05 level when
run with 1- all trees and 2-only live trees
Volume 31 (1), 2011

Table 1. Number (percentage of group total) of dead overstory ponderosa pines by treatment and
Keen’s crown vigor class, 2003-2006, excluding direct mortality from ﬁre and windthrow. UC, SB
and FB refer to Unburned Control, Spring Burn and Fall Burn treatments, respectively.
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and those killed by secondary mortality
(Table 2). The null model, indicated by the
Intercept in Table 2, represents an A-class
tree and a control treatment. The treatment
factor was signiﬁcant, with spring burning
increasing the probability of mortality and
fall burning increasing it further yet. The
crown class factor was also signiﬁcant, with
class B, C, and D class trees more likely
than class A trees to die during the study,
and coefﬁcient estimates (corresponding
positively to mortality probabilities) increasing from class A through D. Despite
the statistical signiﬁcance of the independent variables, it should be noted that the
predictive power of the logistic regression

size. The pattern of increased mortality as
crown vigor decreases is evident from the
remaining crown classes in that treatment
group, classes B through D.
Figure 2 summarizes the total proportions
of trees killed by year and treatment type.
Mortality in spring and fall burn units was
clearly highest within the ﬁrst year after
burning, and then dropped off steadily
in the following years. By the end of the
study, 2.3%, 6.1%, and 16.4% of trees in
control, spring burn, and fall burn treatments, respectively, had died.

#"#

Tree vigor

was low, explaining only 10% – 12 % of
observed mortality based on residual deviance (Table 2).
The overall mortality pattern is evident
in Figure 1: probability of mortality was
inversely proportional to crown vigor
(as indicated by the crown classes), and
increased by treatment from UC (lowest probability) to SB and FB (highest
probability). The apparent exception to
this is the higher than expected mortality
rate among A-class trees in SB units; this
is probably due to a small sample size
– only one tree died in that group out of
19, representing 5.3% of the initial group

The number of cores sampled from the
four crown classes was 16, 97, 110, and
16 from classes A through D, respectively
– proportions very similar to the study area
population as a whole. Mahoney’s PGR
was not signiﬁcantly related to Keen’s
crown classes (p = 0.471). However, the
relationship between number of rings per
outer centimeter and Keen’s crown class
was highly signiﬁcant (p < 0.001), with
increasing number of rings/cm between
classes A to D (along with high variability
within groups; Figure 3). As the analysis
summary and pairwise contrasts show
(Table 3), the A – B class and C – D class
ring width differences were not signiﬁcant,
but all other class contrasts were signiﬁcant

p
= exp(ȕ0 + ȕ1x1 + ȕ2x2 + ... + ȕqxq), where p is the probability of mortal1 p
ity, x1 through xq are predictor variables, ȕ0 is the intercept, and ȕ1 through ȕq are the coefﬁcient estimates. See text for factor descriptions. Factors
marked with an asterisk (*) are signiﬁcant at the Į = 0.05 level.
Table 2: Parameters of the logistic regression models. The model form is
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when sampling test tubes overﬂowed with
resin in the highest ﬂow samples. This was
noted in seven trees in fall burn treatments
(four high, three low vigor), four trees in
spring burn treatments (three high, one
low vigor), and one tree in control treatments (high vigor). In following years, a
switch to larger centrifuge tubes (50 mL)
eliminated this problem. Thus, resin ﬂow
was slightly higher in 2003 than the values
presented, particularly in fall and spring
burn treatments.

Figure 1. Post-treatment ponderosa pine mortality, 2003-2006, grouped by Keen’s (1943) class (A through
D refer to crown vigor classes; see text) and treatment type (Control: unburned; SB: spring burn treatment; FB: fall burn treatment).

at the D=0.05 level. Mean numbers of rings
per outer cm (and standard deviations)
for the four classes were A: 21.8 (11.9);
B: 26.4 (13.2); C: 35.8 (15.3); D: 42.3
(17.4). The grand mean from all samples
was 31.5 rings/cm.

Resin flow
Prior to burning, resin flow was not
signiﬁcantly different between trees in
fall burn and control units (Perrakis and
Agee 2006). In the ﬁrst post-treatment
year (2003), there were several instances

Figure 2. Percentage of large ponderosa pines killed by year and treatment from all mortality sources
(proportion of initial live population).
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Post-treatment analysis results are presented in Tables 4 and 5. Trt and Cclass
refer to treatment type (Control, SB, or FB)
and Keen’s crown class (high vigor or low
vigor) respectively. The intercept represents
the default case of a high vigor tree (A
class) in a control (unburned) treatment
unit. Over the course of the experiment,
two of the 96 trees died – both low vigor
trees, one in a spring burn unit in 2003,
one in a fall burn unit in 2004. Both trees
were killed by post-ﬁre western pine beetle
attacks.
None of the 2-way or 3-way interaction
terms was significant, so these were
dropped from subsequent model runs.
The non-signiﬁcance (p = 0.84) of the Trt:
Year term in a full-factorial run (results
not shown) suggests that mean treatment
effects were not signiﬁcantly different
between the years considered in the study.
All ﬁxed-effect factors were signiﬁcant at
the 0.05 level (Table 4). Both the SB and
FB terms were signiﬁcantly different from
zero, suggesting that trees in both spring
burn and fall burn treatments had signiﬁcantly higher resin ﬂow than in controls.
Low vigor (ClassC) trees had signiﬁcantly
lower resin ﬂow than high vigor trees. The
overall Year effect is somewhat harder to
interpret. Although the ﬁxed factor term
was signiﬁcant, none of the coefﬁcients for
individual years was different from zero
at the 0.05 level. Year-to-year variation
in resin ﬂow likely affected all trees, but
these results suggest that they were not a
signiﬁcant factor in any individual year
during this experiment.
The separate analysis of resin differences
between fall treatments shows similar ﬁndings (Table 5). Trees in fall burn units had
greater resin ﬂow differences than those in
Volume 31 (1), 2011

signiﬁcant in this analysis, indicating that
relative resin ﬂow change was constant
across the study timeline.
The overall resin ﬂow trend over the ﬁve
years of the study is presented in Figure
4 (presented as means of all trees in each
treatment group). The post-treatment response of increased resin ﬂow in burned
trees is apparent from the ﬁgure, with both
spring and fall burn treatments apparently
peaking in the second year after burning
(2004). By 2006, resin ﬂow from spring
burn and fall burn treatment groups had
declined to levels nearly approaching
control treatments.
DISCUSSION
Mortality and vigor

Figure 3. Boxplots representing number of rings per outer centimeter, grouped by Keen’s (1943) crown
class. Center lines and boxes represent median and interquartile range values, respectively. Circles
represent outlier values in each crown class. Numbers of tree cores analyzed in each class were 16, 97,
110, and 16, for classes A through D, respectively.

control units, further suggesting a post-ﬁre
increase in resin ﬂow. In this analysis, the
Cclass term was not signiﬁcant, suggesting

that the trees’resin response to burning was
similar between the high and low crown
vigor classes. The Year factor was also not

Table 3. Anova table and Tukey test summary for the increment core analysis (Rings per outer cm
as a function of Keen’s crown vigor class). ‘Contrast’ refers to the crown classes being compared,
while ‘CI’ represents Conﬁdence Interval. Factors or contrasts marked with an asterisk (*) are
signiﬁcant at the D = 0.05 level.
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This study demonstrated that post-ﬁre mortality in southern Cascade ponderosa pine
forests could continue for several years.
By the end of the monitoring period (four
years after burning), mortality had declined
in spring burn units to match the level associated with control units (two trees died
in 2006 in each treatment type, 0.3% of
pre-treatment populations). Mortality in
fall units was declining steadily as well,
although was still elevated compared to
controls (13 trees died in 2006, 2.4% of
pre-treatment population). Continuing the
pattern found in previous surveys at this
site (Perrakis and Agee 2006), mortality was strongly associated with Keen’s
(1943) crown class. Although this type of
risk-rating system is coarse and somewhat
subjective, it was signiﬁcantly (inversely)
correlated with the number of rings in
the outer centimeter in these trees. Thus,
trees in A and B classes had higher radial
growth in recent years than those in C or
D classes, and the former were more likely
to have survived for four years after burning, regardless of burn season or control
treatment. The other growth index assessed
in the model, the PGR, was not related
to Keen’s crown vigor class. The trees
studied in this experiment were very old
(most estimated at > 200 years old) and
had low growth rates. With no exogenous
disturbances and little in-stand change
during the decade prior to the burning treat-
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Table 4. Anova table and summary from post-treatment resin ﬂow measurements, August 2003-2006. DF represents degrees of freedom. The Value column
shows estimates of the linear model coefﬁcients (based on transformed data); Intercept represents Control treatments and A-class (high vigor) trees; SB
(spring burn), FB (fall burn), and ClassC model terms and statistics are contrasted with high vigor (Keen’s class A) trees in control units. Factors or terms
marked with an asterisk (*) are signiﬁcant at the D = 0.05 level.
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ments, radial growth of most trees was in a
long-term pattern of decline, and the PGR
varied only slightly, and inconsistently,
between treatment groups.
An interpretation of these two ﬁndings
suggests that overall recent radial growth
rate may have been indicative of the
trees’ ability to withstand the stresses of
ﬁre injury and possibly post-ﬁre beetle
attacks, while minor variations in growth
rate during the past decade did not inﬂuence this response pattern. With respect to
growth and vigor, it is unsurprising that
a higher vigor index should correspond
with higher survivorship, as trees with
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well developed root and crown systems
tend to have high carbohydrate reserves
and are more resilient to environmental
stresses and pathogen attacks (Waring
1987; Kozlowski and Pallardy 1997). The
present ﬁndings are consistent with this
conceptual model, with high crown vigor
class being positively correlated with wider
growth rings, higher resin ﬂow (see below),
and lower mortality rates. Several previous
studies in ponderosa (Larsson et al. 1983)
and lodgepole pine (Stuart 1984) have also
found higher radial growth indices to be
positively related to tree survival following
bark beetle attacks.

The mortality levels observed in this study
(2.3%, 6.1%, and 16.4% in control, spring
burn, and fall burn treatments, respectively,
after four years) are similar to or slightly
lower than levels reported in other studies on ponderosa pine survival after ﬁre.
Thies et al. (2005) studied mortality in
uneven-aged stands (7.5 to >75 cm dbh)
in eastern Oregon. They noted between 0
– 0.6% annual mortality in control plots,
and mortality in burn plots that peaked one
year after burning (spring burns: 4.3%; fall
burns: 11.8%) and leveled off (matching
control levels) after four years of post-burn
monitoring – a nearly identical pattern to
that observed in the present study. Their

Table 5. Data summary from resin difference analysis, fall burns and controls. Pre-treatment (early September 2002) resin ﬂow values were subtracted
from measurements in subsequent years for each tree. Abbreviations are as in Table 4, above. Burn treatments were conducted on 8 experimental units;
these are contrasted with 4 control units (4 sample trees per unit). Factors or terms marked with an asterisk (*) are signiﬁcant at the D = 0.05 level.
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Figure 4. Resin ﬂow means (untransformed) and standard errors (of unit means) by year and treatment
group. Dashed vertical line indicates approximate timing of burn treatments (not to scale); Control:
unburned control treatments; SB: spring burn treatments; FB: fall burn treatments.
*Note: unbiased data from spring burn treatment trees in 2002 (pre- and post-treatment) was not collected and is not presented. Control treatment mean in 2002 is a combination of early August and early
September measurements; 2002 fall burn (pre-treatment) data was collected in early September. Measurements in all subsequent years were taken approximately synchronously between treatment groups.

fall burn treatments caused higher mortality overall (29% of trees dead after four
years), but the uneven-aged population
structure suggests that many of the killed
trees may have been much smaller than
those in the present study and, therefore,
susceptible to mortality from crown scorch
(Harrington 1993).
As reported previously, earlier studies at
Crater Lake observed higher mortality in
spring burns than in fall burns (Swezy and
Agee 1991; Agee 2003). However, a review
of the literature on ponderosa pine mortality
reveals mixed ﬁndings on seasonal ﬁre effects.Although phenology may suggest that
early season burn effects are most likely
to be lethal due to reduced carbohydrate
stores (Kozlowski 1992), prescribed burns
later in the season tend to have higher
ﬁre intensities and proportional coverage
(Ganz et al. 2003; Knapp and Keeley
2006; Perrakis and Agee 2006; Schwilk
et al. 2006). A recent study comparing
spring and fall burning in a Sierra Nevada
mixed-conifer forest found that ponderosa
and sugar pine mortality was signiﬁcantly
related to ﬁre intensity, while mortality was

not signiﬁcantly different overall between
the two burning seasons (Schwilk et al.
2006). In northern Arizona, McHugh and
Kolb (2003) compared spring and early
summer wildﬁres to a fall prescribed ﬁre.
They observed that the most signiﬁcant
predictors of mortality in logistic regression models were crown damage (scorch
and consumption) and bole char – factors
related to ﬁre intensity rather than burn
season. In the present study, with spring
burns having signiﬁcantly lower coverage
and visibly lower intensities than fall burns,
a similar pattern emerged. Although season
of burn and tree phenology should not be
discounted, the intensity of a particular
ﬁre is probably a more important variable
overall in predicting mortality.
For management purposes, it is promising that mortality has declined steadily
each year after post-burn year 1, even in
the intense fall burn treatments. Thirteen
years after a series of very similar burns
at another Crater Lake site, Agee (2003)
found no signiﬁcant difference between
large ponderosa pine mortality in burned
units and unburned controls. Ideally, post-
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burn mortality should be below control
unit mortality levels after a few years, in
keeping with the intent of the treatments.
As previously discussed, these sites are
considered candidates for restoration
due to the large increases in tree density
and competition in the ﬁre-exclusion era
(McNeil and Zobel 1980; Agee 2003);
accordingly, burning treatment objectives
tend to include increased survivorship
among remaining old pines (Kolb et al.
2007). Reaching a point of equal mortality levels between burn treatments and
controls after a few years is a good start,
but is not indicative of long-term success
according to these criteria. Regardless of
mortality levels, ponderosa pines in these
stands are old, with very low survival and
recruitment of new seedlings in unburned
areas (Perrakis and Agee 2006; D. Perrakis unpubl. vegetation data). Ponderosa
pine is well-known to require open stand
conditions and mineral soils to regenerate
naturally from seed (Habeck 1992), and
these combined factors emphasize the need
for restoration treatments in these stands,
despite risks to the overstory trees.
Resin flow monitoring
This study presents one of the longest
annually repeated post-ﬁre resin monitoring efforts in the literature. The pattern of
increased post-ﬁre resin ﬂow identiﬁed in
several other studies (Santoro et al. 2001;
Lombardero et al. 2006; Knebel and
Wentworth 2007) is hereby conﬁrmed to
continue for four years (or more) after ﬁre
in old-growth ponderosa pines. The results
suggest that four years after burning, with
some ﬁre injury to tree boles and possibly
root crowns (but very low crown scorch),
bole resin ﬂow remains higher in burned
trees than those in unburned controls. The
relative increase due to ﬁre injury appears
to be declining in the spring burns but
remains elevated among trees in fall burn
treatments. Although the data suggest that
resin ﬂow peaked in year two after burning
(2004) for both spring and fall burn treatments, between-year differences were not
statistically signiﬁcant and some problems
with overﬂowing test tubes in year 1 may
have masked higher resin ﬂow values in that
year. The analysis of differences between
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post- and pre-treatment resin ﬂow among
fall burns and controls followed the same
pattern of a greater resin increase among
burned trees than controls.
Crown vigor was also a signiﬁcant factor
in the model, with greater absolute resin
ﬂow in trees of higher crown vigor class.
In contrast, vigor was not a signiﬁcant
predictor of the post-treatment change in
resin ﬂow (among fall-burned trees and
controls). As crown vigor class was inversely correlated with rings per cm, this
suggests a positive correlation between
constitutive resin ﬂow and sapwood xylem
production. This ﬁnding is in agreement
with the work of McDowell et al. (2007),
who noted positive correlations between
basal area increment (BAI) and resin ﬂow
in a survey of several different experiments
in southwestern ponderosa pine stands.
There has been considerable interest in
recent decades in using plant defense
theories to explain relationships between
conifer trees and bark beetles. In particular,
the Growth-Differentiation Balance (GDB)
hypothesis (Loomis 1953; Herms and
Mattson 1992) has been used in a variety
of studies on Pinaceae trees to explain
(or attempt to) carbohydrate allocation
tradeoffs between growth processes and
investment in defenses (Lorio 1986; Lorio
et al. 1990; Johnson et al. 1997; Gaylord et
al. 2007). According to the GDB, conifers
prioritize investment in growth processes
(cell division and expansion) over investments in defenses during typical favorable
growing conditions. The theoretical pattern,
therefore, results in an inverse relationship
between growth and defense investments,
and conversely suggests that plants may
build stronger defenses during periods of
sub-optimal growth. Although many studies appear to conﬁrm that GDB principles
are sound (see Herms and Mattson 1992;
Stamp 2003), studies on conifer resin have
been equivocal with respect to GDB predictions. This study supports a more complex
interpretation than is suggested from the
GDB, as increased resin ﬂow did not appear to be associated with resource scarcity
or sub-optimal growth. As McDowell et
al. (2007) previously observed, increased
resin ﬂow in ponderosa pine appears to be
associated with wider xylem rings, likely
22

because sapwood is rich in resin canals.
The interconnected architecture and longlived nature of resin canals in pine phloem
and xylem tissues (Fahn 1979; Lapasha
and Wheeler 1990; Lin et al. 2002) also
suggest that physiological inferences are
difﬁcult to assess from treatment effects:
short-term resin measurements will not
necessarily be associated with the conditions during which the resin canals (or
resin itself) were produced (Gaylord et al.
2007; Wallin et al. 2008).
There remains the issue of what is causing
the apparent increase in resin ﬂow among
burned trees. Little is known in this species about the sensitivity of resin canal
development and oleoresin production to
variable growing conditions or injury. In
Pinus taeda, there is some evidence that
pre-formed canals may not be ﬁlled to
capacity during normal growing conditions. Following physical wounding to the
bole, canals are rapidly ﬁlled with induced
resin from surrounding epithelial cells,
with production most vigorous in the fastest-growing trees with the largest crowns
(Blanche et al. 1992; Lombardero et al.
2000). A similar mechanism may occur in
P. resinosa as well, albeit on a slower time
scale (Lombardero et al. 2006). In Cascade
ponderosa pine stands, recent experiments
compared the effects of ﬁre and ﬁre-surrogate treatments (bole charring, crown
pruning, root trenching) on resin ﬂow. In
these trials, only the prescribed ﬁre and bole
charring treatments caused post-treatment
resin increases, suggesting that bole heating
or injury induce the resin response, rather
than any changes in resource availability
(Perrakis 2008; D. Perrakis and J. Agee,
unpubl. data). However, in similar studies
in Arizona, thinning treatments (with no
reported injury to study trees) also appeared
to cause a short term increase in resin ﬂow
(Wallin et al. 2008). The latter study used
considerably smaller and younger trees
(which are known to respond more rapidly
to resource availability) than the present
experiment, which may explain the difference (Kolb et al. 2007).
In this study, treatments associated with
greatest resin ﬂow were not those with
greatest overstory ponderosa pine survival.
This suggests that the resin defense hypoth-
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esis must be reexamined in this ecosystem.
Primary attraction (Wood 1982) of western
pine beetles to stressed ponderosa pines
or resin samples has not been conﬁrmed
(Moeck et al. 1981). However, one of the
constituent resin volatiles, myrcene, has
long been known to be an integral part of
the attractant pheromone mixture for these
beetles (Bedard et al. 1969; Vité and Pitman
1969; Gaylord et al. 2006). Many other
volatile compounds have been conﬁrmed
to cause antennal response in western
pine beetles (Shepherd et al. 2007). Thus,
we may expect that ﬁre, through damage
to live trees or volatization of resin in
consumed woody debris, may increase the
release of these volatiles and thereby attract
beetles, particularly if beetle activity (and,
therefore, other pheromone precursors) is
already present in the canopy airspace.
Such an effect (increased ambient resin
volatiles) has been observed following thinning and chipping treatments (Schade and
Goldstein 2003; Fettig et al. 2006), and is
suggested as an explanation for post-treatment increases in beetle activity (Fettig et
al. 2006). This suggested mechanism is also
consistent with studies that observed positive relationships between scorch severity
and number of beetle attacks in ponderosa
pine forests (McHugh et al. 2003; Wallin
et al. 2003).
The defensive role of resin ﬂow cannot
completely be rejected, however. The group
producing the greatest volume of post-treatment resin (high vigor trees in intense fall
burn treatments) were not those suffering
greatest mortality, as the higher vigor trees
overall survived the treatments much better
than low vigor individuals (Table 1). We
suggest that beetles were attracted to the
stand via emitted resin volatiles during and
after burning treatments, but that resin ﬂow
in individual trees remained important in
determining the mortality and survival of
individual trees.
CONCLUSIONS AND MANAGEMENT
RECOMMENDATIONS
The results from this study have implications for both managers interested in ﬁre
restoration as well as researchers studying
the mechanisms behind ﬁre/bark beetle
interactions. The main management-related
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ﬁnding from this study was that survivorship of old pines was positively related to
high radial growth/BAI and high crown
vigor. Treatments that improve individual
tree vigor, such as removal of competing vegetation surrounding old pines, are
likely beneﬁcial to overstory survival.
Additionally, resin ﬂow monitoring in
ponderosa pine is not a reliable indicator of the likelihood of survival after ﬁre
and is not suggested as a post-treatment
monitoring technique.
There may also be merit to minimizing the
release of resin volatiles in stand treatments
or attempting other measures to mitigate
bole injury, although these suggestions are
somewhat speculative. Such actions may
include avoiding injuring trees of concern
through ignition patterns or ‘cooling’
segments of a ﬁreline, raking fuel from
the bases of trees prior to burning (Hood
2010), disposing of thinned biomass material off-site, restricting thinning treatments
to periods of low beetle activity (fall or
winter), and possibly setting conservative
(low intensity) burn prescriptions.
Overall, the ﬁndings of this study support
the notion of an incremental approach to
ﬁre restoration in ponderosa pine forests
at Crater Lake. Restoration treatments,
including burning, and possibly thinning or other mechanical fuel manipulations, should be implemented gradually.
Although such treatments can probably
eventually beneﬁt these stands, it may be
necessary to improve the vigor of individual trees prior to implementing all but
the least intense prescribed ﬁres, lest bark
beetle populations beneﬁt more than the
trees of concern.
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