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Abstract The relative importance of growth and defense
to tree mortality during drought and bark beetle attacks is
poorly understood. We addressed this issue by comparing
growth and defense characteristics between 25 pairs of
ponderosa pine (Pinus ponderosa) trees that survived and
trees that died from drought-associated bark beetle attacks
in forests of northern Arizona, USA. The three major
findings of our research were: (1) xylem resin ducts in live
trees were >10% larger (diameter), >25% denser (no. of
resin ducts mm™?), and composed >50% more area per
unit ring growth than dead trees; (2) measures of defense,
such as resin duct production (no. of resin ducts year ')
and the proportion of xylem ring area to resin ducts, not
growth, were the best model parameters of ponderosa pine
mortality; and (3) most correlations between annual vari-
ation in growth and resin duct characteristics were positive
suggesting that conditions conducive to growth also
increase resin duct production. Our results suggest that
trees that survive drought and subsequent bark beetle
attacks invest more carbon in resin defense than trees that
die, and that carbon allocation to resin ducts is a more
important determinant of tree mortality than allocation to
radial growth.
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Introduction

Growth and defense are major uses of plant carbon
resources. Carbon allocation to growth promotes survival
by increasing resource acquisition and storage and hence
competitive ability, whereas allocation to defense promotes
survival by producing substances or structures (e.g., resin,
latex, spines) that deter herbivores (Herms and Mattson
1992). The allocation of carbon to defense may have
important consequences for plant survival, especially during
periods of stress and herbivore attacks (Lorio 1986;
Mattson and Haack 1987; Lorio et al. 1990; Herms and
Mattson 1992). Many conifers are subject to injury and
death due to insect attack and many characteristics of
growth (Phipps and Whiton 1988; Leblanc 1990; Ogle
et al. 2000; Suarez et al. 2004) and defense (Vité and Wood
1961; Hodges et al. 1979; Raffa and Berryman 1982;
Reeve et al. 1995; Strom et al. 2002) have been related to
this mortality. Few studies, however, have compared the
importance of both growth and defense to tree survival
during insect attacks.

Oleoresin production and composition are important
defenses of conifers against bark beetles (Vité and Wood
1961; Hodges et al. 1979; Strom et al. 2002). However,
these resin characteristics have not been widely associated
with tree mortality, perhaps because they are difficult and
expensive to measure over ecologically meaningful tem-
poral and spatial scales. Alternatively, measures of defense
structures, such as vertical resin ducts in xylem, can pro-
vide surrogate, retrospective data on tree carbon allocation
to defense at an annual resolution and with less effort than
direct measurements of resin flow and chemical composi-
tion. Resin ducts may be important surrogate measures of
tree investment in defense because they are responsible for
the production and storage of oleoresin (Hodges et al.
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1985, Franceshi et al. 2005). While results are not consis-
tent, some studies have shown a relationship between
xylem-based resin ducts and oleoresin flow in conifers of
varying sizes (Blanche et al. 1992; Lombardero et al.
2000).

Ponderosa pine (Pinus ponderosa C. Lawson var. scop-
ulorum Engelm.) is a good model organism for examining
relationships between tree mortality and carbon allocation
to growth and defense. Ponderosa pine is a long-lived
dominant tree present throughout much of the western
United States (Oliver and Ryker 1990), and has evolved in
the presence of tree-killing bark beetles (e.g., Dendroctonus
spp-, Ips spp.) (Negron and Popp 2004; Breece et al. 2008;
Negron et al. 2009). Vertical resin ducts in the xylem of
ponderosa pine can be quantified retrospectively with
annual resolution using standard dendrochronological
techniques. Ponderosa pine stands in northern Arizona
currently contain a mixture of live trees and recently dead
trees attributed to severe drought in 2002 (65% of normal
precipitation) and subsequent bark beetle attacks (Negron
et al. 2009).

We compared growth and resin duct characteristics
between live and dead ponderosa pine trees following a
recent drought and subsequent bark beetle attack in forests
of northern Arizona. Additionally, we developed tree
mortality models to determine which parameters of radial
growth and resin duct characteristics were best associated
with tree mortality. We also investigated relationships
between temporal variation in annual tree radial growth
and vertical resin duct production.

Materials and methods
Study site

This study was conducted within ponderosa pine forests on
the Coconino National Forest in northern Arizona, USA.
We sampled pairs of live and dead trees from six plots,
ranging in elevation from 2,300 to 2,600 m, that were
included in a previous study of ponderosa pine mortality
(Negron et al. 2009). Recent tree mortality in these plots
ranged from 14 to 62% and was attributed to recent drought
and attacks by bark beetles, especially Ips spp. (Negron
et al. 2009). The six plots were selected based on the
occurrence of at least four live and dead tree pairs. A total
of 25 pairs were sampled over all plots. For all dead trees
sampled, we confirmed the presence of at least one bark
beetle sign or symptom, including exit holes, galleries, and
the fungal associate, Ophiostoma spp., in the sapwood. The
dead tree in each pair was selected based on close location
and similar size to the live tree. The close proximity
(within 15 m) controlled for differences in soil, aspect,
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slope, competition, and other microsite differences bet-
ween trees. The diameter at breast height (dbh, 1.37 m
above ground) of all sampled trees was between 15 and
51 cm and trees in all pairs were within 2 cm dbh. Sampled
live trees had less than 25% dieback of the canopy and
contained little evidence of dwarf mistletoe infection. All
sampled dead trees had intact bark and sound outer xylem.

Tree growth and defense measures

All trees were cored once at approximately breast height
using a large diameter (12 mm) increment borer. Samples
were taken to the laboratory and allowed to dry for
2 weeks, after which all cores were mounted on wood
blocks and progressively sanded with 80- to 400-grit
sandpaper on a belt sander. We created a high-resolution
image (1,200 dpi) by scanning each core and entering all
images into WinDendro® (Regent Instruments 2009) to
assign annual ring boundaries and measure ring widths
(mm year™"). All ring width series from live trees were
then cross-dated, and COFECHA (Grissino-Mayer 2001)
was used to assess the strength of cross-dating. Once a
chronology was developed for the live samples, we cross-
dated the ring width series of each dead tree to determine
the year of the last ring formed. We assumed that the last
formed ring corresponded to the year of death of the dead
tree, although death may have occurred in the following
year that had no radial growth. All dead trees sampled died
after the year 2000, with 70% dying between 2001 and
2004.

In addition to measuring ring width, we also calculated
basal area increment (cm® year ') using both ring width
data and tree-specific cross-sectional radii (inside bark)
with the assumption that tree rings represent concentric
circles. Measures of defense structures included resin duct
production (no. annuli_l), resin duct density (no. mm_z),
resin duct width (mm), and resin duct area (%). All defense
measures of the two trees in each pair were made along a
10-mm-wide core section spanning 20 years of growth
including the last ring formed in dead trees. Resin duct
production was measured as a count of resin ducts per
annual ring observed. Resin duct production is the mean
number of resin ducts present within an annual ring,
unadjusted for the area sampled, and represents a relative
measure of tree carbon investment in resin ducts. We cal-
culated resin duct density by dividing the resin duct pro-
duction for a given year by the area of xylem sampled
(10 mm multiplied by the ring width of the year measured).
Resin duct density is the mean number of resin ducts
present per unit area of radial growth and measures tree
carbon investment to resin ducts relative to the amount of
radial growth. We also estimated resin duct size as the
average latitudinal width (mm) of all resin ducts counted in
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each annual ring. Individual resin duct areas were deter-
mined by calculating the area of a circle based on the
measured resin duct width. For simplicity, we assumed all
resin ducts were perfect circles although many were
slightly elliptical. Percent resin duct area is the proportion
of resin duct area relative to the area of radial growth, and
was calculated for each year (i.e., tree ring) by multiplying
the resin duct production by the average resin duct area,
dividing the product by the area of annual growth observed,
and then multiplying the quotient by 100. Mean values of
radial growth and resin duct properties were calculated
annually and for 5-, 10-, and 20-year growth periods.

Statistical analysis

We used paired ¢ tests to statistically compare measures of
growth and defense between live and recently dead trees.
A Bonferroni correction factor (o = 0.05/3 = 0.017) was
made for all growth periods within the same measurement
type (e.g., 5-, 10-, and 20-year means for basal area
increment) to reduce the risk of making Type I errors
(Sokal and Rohlf 1995).

Probability of tree mortality was modeled using logistic
regression on 50 samples (25 living, 25 dead). Model
evaluation and selection were determined using an infor-
mation theoretic approach. We calculated Akaike’s Infor-
mation Criterion with a second-order bias correction
(AICc) to better estimate model performance where there
are many estimated parameters and small sample sizes
(Burnham and Anderson 1998). Based on AICc values for
each model, we calculated AAICc and Akaike weights (w,),
where AAICc represents the difference in AICc values
between the model of interest and the best performing
model and w; is the proportionate likelihood that a partic-
ular model is the best. AIC values are valuable for model
selection because models are penalized as the number of
parameters increase. Models with lower AICc and higher
w; values represent stronger and more parsimonious models
(Burnham and Anderson 1998).

Individual models were selected by first calculating all
single-variable models for both growth and defense mea-
sures, with the inclusion of each growth period (i.e.,
5-, 10-, and 20-year). We then chose the top five defense
variables and top two growth measures based on AICc
values for inclusion in the multivariable models considered.
Multivariable model generation consisted of all possible
combinations of parameters up to a five-variable model. To
address potential issues of multicollinearity, we did not
include the same variable with overlapping growth periods
(i.e., 10- and 20-year basal area increment). Additionally,
we calculated variance inflation factors (VIF) and selected
models with variable combinations having VIF values <10
(Hosmer and Lemeshow 2000). Receiver operating curves

(ROC) were developed to provide a threshold-independent
measure of model discrimination (area under the curve),
where values greater than 0.8 suggest excellent discrimi-
nation (Hosmer and Lemeshow 2000). In all, we compared
54 models and report the top 20 models (AAICc < 6.0). The
proportion of correctly classified dead and live trees was
used to internally validate each model.

We compared relationships between measures of annual
radial growth (ring width and basal area increment) and
resin duct characteristics (resin duct production, resin duct
density, and resin duct area), spanning 27 years (1981-
2007), using correlation analysis for live, dead, and all
trees. All analyses were conducted using SPSS (PASW
Statistics 2009).

Results
Live and dead tree comparisons

All measures of radial growth were not significantly dif-
ferent between live and dead trees. Average ring widths for
the 5-, 10-, and 20-year periods ranged between 0.49 and
0.68 mm year ' for dead trees and 0.59-0.79 mm year '
for live trees, and were consistently 9-16% greater for live
trees (Table 1). Similarly, mean basal area increment ran-
ged between 4.25-5.63 cm? year~' for dead trees and
4.80-6.31 cm” year™' for live trees, and was 7-11%
greater for live trees. Both mean ring width and basal area
increment increased for live and dead trees by more than
30% as the growth period measured increased from 5 to
20 years (Table 1).

In contrast to growth, all resin duct measures differed
significantly between live and dead trees for most growth
periods. Percent resin duct area differed most strongly and
varied by about twofold (2-4% of the total ring area) across
all samples (Table 1). On average, live trees had 51-66%
greater resin duct area than dead trees. Additionally, resin
duct production for the 5-, 10-, and 20-year periods was
3.64, 3.94, and 4.33 no. yearfl, for live trees and 2.37,
275, and 3.36 no. year ' for dead trees, respectively
(Table 1). On average, resin duct production of live trees
was 29-54% greater than dead trees. Resin duct density
differed only for the 10-year growth period with live trees
having a 30% greater density than dead trees. Resin duct
width was consistently 13% greater in live trees than dead
trees across all growth periods and did not vary across all
time periods within live or dead trees (Table 1).

Factors of tree mortality

Measures of resin ducts were more important in models of
tree mortality than measures of growth. Specifically,
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Table 1 Mean 5-, 10-, and 20-year radial growth rates and resin duct measurements of living and dead ponderosa pines (Pinus ponderosa) of

northern Arizona

Variable n Mean (SE) t P
Live Dead

S5-year ring width (mm ycarfl) 25 0.59 (0.08) 0.49 (0.05) 1.26 0.221
10-year ring width (mm yearf') 25 0.65 (0.07) 0.59 (0.05) 0.96 0.348
20-year ring width (mm year™") 25 0.79 (0.08) 0.68 (0.06) 1.68 0.106
5-year basal area increment (cm? yearfl) 25 4.80 (0.59) 4.25 (0.46) 1.02 0.320
10-year basal area increment (cm? year_') 25 5.42 (0.59) 5.02 (0.50) 0.83 0.415
20-year basal area increment (cm2 year_l) 25 6.31 (0.68) 5.63 (0.57) 1.43 0.167
5-year resin duct production (no. year") 25 3.64 (0.33) 2.37 (0.20) 3.66 0.001
10-year resin duct production (no. yearfl) 25 3.94 (0.32) 2.75 (0.22) 4.33 <0.001
20-year resin duct production (no. yearfl) 25 4.33 (0.39) 3.36 (0.27) 3.29 0.003
5-year resin duct density (no. mm™?) 25 0.80 (0.11) 0.55 (0.05) 2.22 0.036
10-year resin duct density (no. mm~?) 25 0.73 (0.07) 0.56 (0.04) 2.60 0.016
20-year resin duct density (no. mm~?) 25 0.65 (0.05) 0.59 (0.04) 1.29 0.210
S-year resin duct width (mm) 25 0.26 (0.01) 0.23 (0.01) 2.60 0.016
10-year resin duct width (mm) 25 0.26 (0.01) 0.23 (0.01) 2.60 0.016
20-year resin duct width (mm) 25 0.26 (0.01) 0.23 (0.01) 2.65 0.014
5-year resin duct area (%) 25 3.94 (0.32) 2.36 (.039) 3.07 0.005
10-year resin duct area (%) 25 3.78 (0.24) 2.36 (0.24) 4.32 <0.001
20-year resin duct area (%) 25 3.63 (0.23) 2.39 (0.23) 3.96 0.001

Italicized P values represent significant differences as a result of a paired ¢ test using a Bonferroni correction factor (o = 0.017) for all growth
periods within the same measurement type (e.g. 5-, 10-, and 20-year means for RDD)

SE Standard error

percent resin duct area (RDA10-, RDA20-year) and resin
duct production (RDP5-, RDP10-year) were regularly
included in the models selected (Table 2). Of the growth
parameters measured, only RW5- and BAI20-year were
included in the top-ranked models, however, neither were
included in the top seven models. The two resin duct
variables included in the best model (w; = 0.149) were
RDPS5- and RDA10-year (Fig. 1). The probability of mor-
tality (P,,) equation for this model is:

1
m = 1+ ¢—6.61+1.42xRDA10year+0.83 xRDP5year

Most of the mortality models presented in Table 2 per-
formed well in classifying both live and dead trees from the
sample provided, ranging from 66 to 84% accuracy. On
average, models classified dead trees 9% better than living
trees (Table 2).

Patterns and relationships between radial growth
and resin duct characteristics

Many of the bivariate correlations of temporal variation in
annual radial growth rates and resin duct characteristics for
years 1981-2007 were significant; however, the strength
and direction of the relationship was not consistent. Growth

@ Springer

rate measures were positively correlated to resin duct
production across live, dead, and all trees (Table 3). Ring
width had the strongest positive relationship to resin duct
production for dead trees (r = 0.72, P < 0.001). Basal area
increment was also positively correlated with resin duct
production, but to a slightly lesser extent (Table 3). Con-
versely, resin duct density and percent resin duct area were
negatively correlated or had no relationship with growth
measures. For live trees, these correlations were consis-
tently negative for all comparisons (P < 0.05). For dead
trees and all trees, resin duct density or resin duct area was
not related to any growth measure (Table 3).

Mean basal area increment and resin duct production
ranged considerably over the 26-year time period; 0.9 and
9.4 cm year ' and 0.5 and 9.2 ducts year ', respectively.
Both basal area increment and resin duct production
recovered more after recent droughts (1996, 2002) for live
trees than dead trees (Fig. 2). Increases in basal area
increment in the first year after drought were 18-21%
greater for live than dead trees. Increases in resin duct
production in the first year after drought were 19-168%
greater for live than dead trees. This pattern was main-
tained the second year after drought when live trees
increased in basal area increment 8-20% and resin duct
production 49-171% more than dead trees.
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Table 2 Predictive models of ponderosa pine mortality including AICc (corrected Akaike’s information criterion) and internal validation results

Model AAICc w; Area under Dead trees Live trees Total trees
ROC correctly correctly correctly
classified (%) classified (%) classified (%)

RDP5-year + RDAI10-year 0.00 0.149 0.90 84.0 80.0 82.0
RDP10-year + RDA10-year 0.13 0.140 0.89 80.0 80.0 80.0
RDA20-year + RDP10-year 0.15 0.138 0.90 84.0 72.0 78.0
RDA20-year + RDP5-year 0.92 0.094 0.89 88.0 76.0 82.0
RDA10-year + RDP5-year + RDW20-year 1.41 0.073 0.90 88.0 80.0 84.0
RDA10-year + RDP5-year + RDW20-year 1.90 0.058 0.91 80.0 83.3 81.7

+ RDD10-year
RDPS5-year + RDA10-year + RDD10-year 2.20 0.050 0.90 84.0 83.3 83.7
RDA10-year + RDP5-year + RW5-year 2.26 0.048 0.90 84.0 80.0 82.0
RDA10-year + RW5-year 2.78 0.037 0.89 84.0 72.0 78.0
RDA10-year + RDP5-year + RDW20-year 3.58 0.025 0.90 88.0 84.0 86.0

+ RW5-year
RDA10-year 3.98 0.020 0.86 80.0 64.0 72.0
RDA10-year + RDD10-year + RW5-year 4.06 0.020 0.88 84.0 70.8 77.4
RDA10-year + BAI20-year 4.09 0.019 0.88 80.0 72.0 76.0
RDA10-year + RDP5-year + RDW20-year 4.35 0.017 0.90 80.0 83.3 81.7

+ RDD10-year + RW5-year
RDA10-year + RDW20-year + RW5-year 5.02 0.012 0.89 84.0 72.0 78.0
RDA20-year + BAI20-year 5.05 0.012 0.90 80.0 80.0 80.0
RDA20-year + RW5-year 5.65 0.009 0.88 84.0 72.0 78.0
RDA20-year 5.65 0.009 0.85 76.0 72.0 74.0
RDA10-year + RDW20-year 5.78 0.008 0.85 76.0 64.0 70.0
RDP5-year + RDW20-year 5.88 0.008 0.79 64.0 68.0 66.0

w; Akaike weights, ROC receiver operating curve

Probability of Mortality

Fig. 1 Predictions of ponderosa pine (Pinus ponderosa) mortality
from the best model in Table 2 based on resin duct production
averaged over 5 years and percent resin duct area averaged over
10 years

Table 3 Direction and fit () of the relationships between mean
annual radial growth rate and resin duct measures (n = 27 years;
1981-2007) for live, dead, and all ponderosa pines

Live Dead All

r P r P r P
RDP-RW  40.63 <0.001 +0.72 <0.001 +0.67 0.046
RDP-BAI  +0.51 0.007 +0.56 0.003 +0.53 <0.001
RDD-RW —041 0.033 +0.19 0.338 —0.20 0.154
RDD-BAI —0.49 0.025 +0.09 0.649 —-0.23 0.090
RDA-RW  —0.51 0.007 —0.05 0.802 +0.11 0.447
RDA-BAI —-0.45 0.018 +0.14 0.495 +0.08 0.570

Measures of radial growth include ring width (RW, mm) and basal
area increment (BAI, cm?) while measures of resin ducts include,
resin duct production (RDP no. year™ "), resin duct density (RDD, no.
mmz), and resin duct area (RDA, %). Significant differences are
marked by an italicized P value at o = 0.05

Discussion
Live and dead tree comparisons

This research represents the first known study to compare
both growth rates and resin duct characteristics between
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Fig. 2 Temporal variation in a mean basal area increment (BA/) and
b mean resin duct production from 1982 to 2007 for live and dead
ponderosa pine (sample size ranged from 3 to 25 per year for both live
and dead trees). Unidirectional error bars represent standard error.
Only positive error bars are present for live trees and only negative
error bars for dead trees

live and dead trees following severe drought and bark
beetle attacks. Recent growth rates did not differ signifi-
cantly between live and dead trees. This finding is contrary
to numerous studies that have shown differences in radial
growth rates between live and dead trees (Ogle et al. 2000;
van Mantgem et al. 2003; Suarez et al. 2004; Bigler et al.
2004; Das et al. 2007). Instead, we found that dead trees
typically had fewer and smaller resin ducts, occupying less
area of xylem radial growth compared to live trees. Our
results suggest that trees containing a greater proportion of
xylem composed of resin ducts were more likely to survive
during a severe drought and subsequent bark beetle attack.
Trees that have a larger defense infrastructure in xylem
may be better at surviving herbivore attack by having a
greater capacity to produce, store, and transport oleoresin
(Hodges et al. 1985, Franceshi et al. 2005). Most
(Schopmeyer et al. 1954; Blanche et al. 1992) but not all
(Lombardero et al. 2000) empirical studies have reported a
positive correlation between oleoresin flow or mass; and
resin duct size or abundance. While environmental factors
(e.g., soil moisture, temperature; Blanche et al. 1992;
Gaylord et al. 2007) often explain considerable variation in
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tree resin flow, such factors were controlled by the paired
tree comparisons in our study.

By applying Poiseuille’s law, with some modification
(Schopmeyer et al. 1954), small increases in resin duct
width should increase oleoresin flow by the power of four.
For instance, our study demonstrated that living trees had
13% wider resin ducts than dead trees. This difference
would equate to a 63% greater resin flow in the trees that
lived than the trees that died, assuming constant resin
production. Coupling this increase in resin flow with the
30% greater density of resin ducts in live trees should result
in an approximate twofold increase in oleoresin delivery
for trees that survived compared with trees that did not
survive the drought and bark beetle attack.

Factors of tree mortality

Overall, the top models performed well in describing tree
mortality and included resin duct measures, primarily resin
duct production and resin duct area, but not radial growth.
Percent correct classifications of live and dead trees in
these models were high (>75%) and were similar or better
than published values using only growth measures for other
conifer species (van Mantgem et al. 2003; Bigler and
Bugmann 2003; Bigler et al. 2004; Das et al. 2007). As
with most models, there are limitations that should be
considered in our results. For example, our analysis lacks
an independent validation dataset to further test the accu-
racy of the model. Furthermore, our best models were
slightly better at predicting dead trees than live trees
(Table 2). As pointed out by Das et al. (2007), under-
prediction of live trees would result in over predictions of
mortality in the area of interest. Therefore, additional
measurements or approaches that could better classify live
trees are warranted.

The absence of growth rate variables in the top tree
mortality models was unexpected and contrary to other
studies (Ogle et al. 2000; van Mantgem et al. 2003; Suarez
et al. 2004; Bigler et al. 2004; Das et al. 2007). While it is
possible that patterns of growth, such as abrupt declines
and temporal trends (e.g., Das et al. 2007), may be better
parameters of tree mortality than average growth rates, our
results suggest that measures and patterns of resin defense
structures in xylem are more important predictors of tree
mortality following severe drought and bark beetle attacks
than measures of growth. The specific scenario associated
with the ponderosa pine mortality event we sampled may
have elevated the role of defense in tree mortality. The
2002 drought in northern Arizona was severe (precipitation
65% below normal) and coincided with a marked increase
in Ips spp. populations (Negron et al. 2009). The combi-
nation of these events may have caused abrupt death to
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trees that had relatively “normal” growth rates but low
carbon allocation to resin defense.

Patterns and relationships between radial growth
and resin duct characteristics

The relationship between measures of annual xylem radial
growth and resin ducts was mixed depending on the
bivariate comparison. The positive correlation between
temporal variation (years 1981-2007) in resin duct pro-
duction and all measures of radial growth for all trees
indicates that more vertical xylem resin ducts were pro-
duced annually in years of high radial growth. This result is
consistent with reports of positive associations between
resin flow in response to wounding and radial growth of
ponderosa pine (Gaylord et al. 2007; McDowell et al.
2007). Thus, environmental conditions, such as high pre-
cipitation, or tree-intrinsic factors, such as genetic controls,
that promote ponderosa pine radial growth should enhance
resin duct production and tree survival in subsequent
droughts because more xylem is produced to house resin
ducts.

While a tradeoff between carbon allocation to growth
and defense is predicted by some plant defense theories
(Lorio 1986; Mattson and Haack 1987; Stamp 2003), we
did not observe large tradeoffs between radial growth and
resin ducts in our study of ponderosa pine. The only evi-
dence in our study of a tradeoff in carbon allocation
between growth and defense was the negative correlation
between resin duct density and area with radial growth for
live trees (Table 3), but two lines of evidence indicates that
this tradeoff was not important to tree mortality. First,
evidence for this tradeoff occurred only for live trees, not
for dead trees or all trees combined. Second, in Fig. 1, both
resin duct area and production were negatively related to
tree mortality; an important tradeoff would produce posi-
tive or parabolic relationships. The lack of a tradeoff
between growth and defense in our study can be partly
explained by the physical connection between xylem
growth and vertical xylem resin ducts, in that the ducts are
housed within the xylem.

Our results on inconsistent relationships between tree
radial growth and xylem resin duct characteristics are
repeated throughout much of the literature which includes
relationships that are negative (Reid and Watson 1966;
Blanche et al. 1992), positive (Fahn and Zamski 1970;
Rosner and Hannrup 2004), or neither (Wimmer and
Grabner 1997). Throughout these studies, differences in
direction of the relationship could be caused by differences
in measurement methods. For example, some studies
measured resin duct density per tree ring area, while others
measured across multiple years and rings of growth.
Another possibility is that the relationship differs by tree

size or age, where seedlings and saplings may have positive
relationships (Fahn and Zamski 1970) and mature trees
negative relationships (Reid and Watson 1966; Blanche
et al. 1992; as well as this study for live trees). Further-
more, inconsistent findings may reflect the resin duct type
measured. For instance, some studies have measured resin
ducts in phloem (Baier et al. 2002; Wainhouse et al. 2009)
and others in xylem (Fahn and Zamski 1970, Blanche et al.
1992); additionally some studies have focused on radial
resin ducts (Baier et al. 2002, Rosner and Hannrup 2004)
and others on vertical resin ducts (Wimmer and Grabner
1997; Blanche et al. 1992; Lombardero et al. 2000).

Radial growth and resin duct production varied tempo-
rally. Both measures likely responded to interannual dif-
ferences in climatic factors, such as precipitation, where
wetter years resulted in greater radial growth and more
resin ducts (Wimmer and Grabner 1997). Temporal pat-
terns of radial growth and resin duct production after
known severe drought years (1996, 2002) varied between
live and dead trees. Live trees recovered in radial growth
and resin duct production after drought more than dead
trees. While temporal patterns in both radial growth and
resin duct production varied between live and dead trees,
resin duct production patterns were more pronounced than
radial growth (Fig. 2). This result is consistent with our
modeling results (Table 2) which determined that resin
duct characteristics were more important than radial
growth to tree mortality.

Conclusions

Different carbon allocation to xylem resin ducts between
trees that died from severe drought and bark beetle attacks
and trees of similar size in the same stand and microsite
that survived suggests pronounced genetic variation within
ponderosa pine stands in carbon allocation to defense. This
suggestion is consistent with the large amount of genetic
variation reported for other morphological and physiolog-
ical traits for this species at broader spatial scales (Conkle
1973; Linhart et al. 1981; Rehfeldt 1992, 1993). Such
genetic differences in resin production and composition
and linkages to tree resistance to bark beetle attacks have
been documented in other conifers, including pines (Strom
et al. 2002; Rosner and Hannrup 2004). Our results indicate
that severe droughts in the southwestern United States are
selective events that favor drought- and herbivore-tolerant
trees (Ogle et al. 2000) having high carbon allocation to
resin defenses.

Understanding mechanisms of tree mortality (e.g.,
McDowell et al. 2008) is of increasing importance because
of the likely role of climate change in recent pulses of tree
mortality documented throughout much of the western
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United States (van Mantgem et al. 2009). In the south-
western United States, declines in many foundation tree
species including ponderosa pine (Breshears et al. 2005;
Shaw et al. 2005; Mueller et al. 2005; Gitlin et al. 2006)
and increases in bark beetle populations (Raffa et al. 2008)
have been documented during recent severe droughts.
More frequent and severe droughts are predicted in the
southwestern United States due to climate warming and
greater variation in precipitation (Westerling et al. 2006;
Seager et al. 2007). Given this scenario, increases in
drought- and bark beetle-induced tree mortality are likely.
Our results indicate that more attention needs to be given to
the role of tree defense structures and processes as deter-
minants of tree mortality.
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