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NOTE / NOTE

An experimental demonstration of stem damage
as a predictor of fire-caused mortality for
ponderosa pine

Phillip van Mantgem and Mark Schwartz

Abstract: We subjected 159 small ponderosa pine (Pinus ponderosa Dougl. ex P. & C. Laws.) to treatments designed
to test the relative importance of stem damage as a predictor of postfire mortality. The treatments consisted of a group
with the basal bark artificially thinned, a second group with fuels removed from the base of the stem, and an untreated
control. Following prescribed burning, crown scorch severity was equivalent among the groups. Postfire mortality was
significantly less frequent in the fuels removal group than in the bark removal and control groups. No model of mortal-
ity for the fuels removal group was possible, because dead trees constituted <4% of subject trees. Mortality in the bark
removal group was best predicted by crown scorch and stem scorch severity, whereas death in the control group was
predicted by crown scorch severity and bark thickness. The relative lack of mortality in the fuels removal group and
the increased sensitivity to stem damage in the bark removal group suggest that stem damage is a critical determinant
of postfire mortality for small ponderosa pine.

Résumé : Nous avons soumis 159 jeunes pins ponderosa (Pinus ponderosa Dougl. ex P. & C. Laws.) a des traitements
destinés a tester I’importance relative de différents types de dommages au tronc pour prédire la mortalité apres feu. Les
traitements incluaient un groupe ou 1’écorce a la base du tronc avait été artificiellement enlevée, un deuxieme groupe
ou les combustibles présents a la base du tronc avaient été enlevés et un groupe témoin. La sévérité des dommages a
la cime était semblable chez tous les groupes apres avoir effectué un briilage dirigé. La mortalité apres feu était signifi-
cativement moins fréquente dans le groupe ol les combustibles avaient été enlevés comparativement a celui ou 1’écorce
avait été enlevée et au groupe témoin. Il était impossible de modéliser la mortalité dans le groupe ol les combustibles
avaient été enlevés parce que les arbres morts représentaient <4 % des arbres étudiés. La mortalité dans le groupe ou
I’écorce avait été enlevée était le plus adéquatement prédite par la sévérité du roussissement du tronc et de la cime tan-
dis que la mortalité dans le groupe témoin pouvait étre prédite par la sévérité du roussissement de la cime et I’épais-
seur de I’écorce. L’absence relative de mortalité dans le groupe ou les combustibles avaient été enlevés et la sensibilité
accrue aux dommages au tronc dans le groupe ou 1’écorce avait été enlevée indiquent que les dommages au tronc sont

un facteur déterminant de mortalité apres feu chez les jeunes pins ponderosa.

[Traduit par la Rédaction]

Introduction

The data typically used in creating models of fire-caused
tree mortality present two distinct problems. First, many
studies are opportunistic (e.g., Peterson 1985; Peterson and
Arbaugh 1986, 1989; Regelbrugge and Conard 1993), and
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the nonrandom selection of sampling units can lead to fire
effects being mediated by unmeasured site differences. Sec-
ond, most models depend on observational data that cannot
reliably isolate the effects of the predictor variables. For ex-
ample, stem diameter is related to both crown height
(Yuancai and Parresol 2001) and bark thickness (Hengst and
Dawson 1994; van Mantgem and Schwartz 2003), and its
use in fire-caused mortality models confounds our under-
standing of how trees escape and resist damage. Experimen-
tal approaches, when possible, may help overcome both of
these problems.

The role of stem damage in the process of postfire mortal-
ity is particularly unclear. Past research has generally found
stem injury to be a less important predictor of postfire mor-
tality than crown scorch severity but still a factor that greatly
enhances the predictive ability of the models (e.g., Peterson
and Arbaugh 1986, 1989; Peterson and Ryan 1986; Wyant et
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al. 1986; Ryan and Reinhardt 1988). However, successful
models have been created that only consider stem damage
and stem defenses (Regelbrugge and Conard 1993), and
Ryan et al. (1988) found the extent of cambial necrosis to be
the single best predictor of postfire mortality for Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco). Other models ig-
nore the effects of stem damage altogether, although stem
diameter is often modeled as a proxy for stem defenses (e.g.,
bark thickness) (e.g., Mutch and Parsons 1997; Stephens and
Finney 2002; van Mantgem et al. 2003).

The objective of this study was to experimentally identify
the role of stem damage as a determinant of postfire tree
mortality for small (<15 cm diameter at breast height) pon-
derosa pine (Pinus ponderosa Dougl. ex P. & C. Laws.). We
focus on small trees because they are sensitive to fire-caused
damage and their removal is often a goal of prescription
burning.

Materials and methods

We conducted this experiment at Calaveras Big Trees
State Park (38.2719°N; 120.2867°W) in the low-elevation
mixed conifer forests of the central Sierra Nevada, Califor-
nia. The climate of this area is Mediterranean, with long, dry
summers and wet, snowy winters. A large proportion of the
precipitation in these forests arrives in the form of snow
(Major 1977). The average January and July air temperatures
for this region are 2 and 22 °C, respectively. Our measure-
ments were collected in a haphazardly selected stand of pon-
derosa pine, which contained occasional individuals of white
fir (Abies concolor (Gord. & Glend.) Lindl.) and California
black oak (Quercus kelloggii Newb.). Our sample population
consisted of 159 ponderosa pine individuals, with diameter
at breast height (DBH) of approximately 5-15 cm. We ran-
domly assigned trees to one of three treatments: (i) partial
basal bark removal; (i) basal fuels removal; and (iii) control.
For the partial bark removal treatment, we moved aside litter
and duff and carefully removed the basal 5 cm of outer bark,
using a wood chisel, until only 0.5 cm of basal bark re-
mained (including inner bark). We assumed this treatment
would affect tree responses to fire because bark defenses
would be most critical where they are in direct contact with
burning fuels. The litter and duff were replaced following
this treatment. The bark of ponderosa pine is extremely
flaky and easy to work with, allowing us to reliably reduce
the average basal bark thickness of any individual to 0.5 cm
without damaging the cambium. This treatment does not ap-
pear to affect tree mortality in the absence of fire; in an adja-
cent unburned site, 15 trees that received the bark removal
treatment exhibited no mortality over 2 years. The fuels re-
moval treatment consisted of raking away all litter and duff,
along with any woody fuels, within a radius of 0.5 m around
the base of the tree. Because the fuels removal was only in
the immediate neighborhood of the stem, roots and crowns
of the trees receiving this treatment were still exposed to
fire-related damage. Trees in the control treatment received
no bark thinning or fuels removal, but the fuels around the
base of the tree were disturbed and replaced as in the bark
removal treatment. We expected trees in the bark removal
treatment to have higher postfire mortality rates and to be
more sensitive to stem damage than controls; and we antici-
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pated that the trees in the fuels removal treatment would
have lower mortality rates and be more sensitive to crown
damage.

The area containing the study plot was subjected to a pre-
scribed burn in June 1999. Flame lengths were estimated vi-
sually, with the use of marked reference stakes. Flame
lengths were low (0.2-0.5 m), resulting in fireline intensities
of 8-57 kW-m™' (Agee 1993), within the typical range for
surface fires. We measured fuels 2 weeks before and
1 month after the burn along four randomly placed 20-m
transects within the plot, using standard methods (Brown et
al. 1982). The average prefire fuel load was 6 t-ha™'. The fu-
els consisted primarily of duff (94%) with sparse woody fu-
els, accounting for the light fuel loads at this site. The burn
reduced the total fuel load by approximately 70%, with a
large proportion of the litter and duff layer being consumed.

Assessments of individual tree conditions were made be-
fore and after burning. Before the burning, we measured
stem diameter at 1.37 m (DBH) and bark thickness at the
stem base, using a standard bark gauge. One month after the
fire a single observer visually estimated crown scorch class
(percentage crown volume scorched; i.e., 0-5, 6-20, 21-50,
51-80, 81-95, 96-100) and measured maximum stem scorch
height as an index of stem damage severity. We observed
tree mortality for 2 years after the fire. The small trees used
in this study do not exhibit delayed postfire mortality
(Thomas and Agee 1986). Trees were noted as dead only if
they showed complete needle browning or loss.

We used logistic regression to identify predictors of
postfire mortality for ponderosa pine. The logistic regression
model has the form

1
P, =
1+ exp[~=(Bo + B X; +... + B Xp)]

where P, is the probability of mortality; X; through X, are
independent variables; and B, through B, are regression co-
efficients estimated with the use of maximum likelihood
(Hosmer and Lemeshow 2000). We modeled all appropriate
variables (i.e., crown scorch class, stem scorch height, and
bark thickness). We selected appropriate models for individ-
ual treatment groups using the Akaike information criterion
corrected for small sample sizes (AIC,), which is a ranking
procedure defined as

2K(K +1)

AIC, = -2logL+ 2K +
n—-K-1

where log L is the log of the likelihood of the model; K is
the number of coefficients, including the constant; and » is
the sample size (Burnham and Anderson 1998). The likeli-
hood of a given model increases as more parameters are
added, but the decreasing negative log likelihood is offset by
increases in K. The best model has a relatively small AIC,,
as a result of the combination of a fairly large likelihood and
a parsimoniously small number of parameters. Competing
models are compared by scaling their AIC, values against
the best model with the lowest AIC_ value. The rescaled
AIC, values are written as AAIC.. Models with AAIC, < 2
have substantial support and fit almost equally as well as the
best model (Burnham and Anderson 1998). We looked for
differences among treatment groups by combining the data
across treatments and testing for the importance of a term
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Table 1. Characteristics of trees used to develop models predicting postfire tree mortality for Pinus ponderosa.

Crown scorch (%) Stem scorch height (m) DBH (cm) Bark thickness (cm)

Treatment Status n Mean SD Range Mean SD Range Mean SD  Range Mean SD Range
Bark removal  Live 38a 23a 32  0-100 0.55a 027 0.20-1.13 10.0a 23 6.3-154 0.5a 0.1 0.3-0.6
Dead 15 48 45  0-100 0.86 040 0.25-1.51 8.3 1.2 5298 0.5 0.1 0.3-0.6
Fuels removal Live 51b  23a 32 0-100 0.00b n.a. na. 9.2a 22 52-143 1.6b 0.6 0.8-3.0
Dead 2 50 68 0-100 0.00 na. na 7.6 0.6 7.2-8.0 0.9 0.1 0.8-1.0
Control Live 38a 2la 32 0-100 0.73a 038 0.18-1.66 9.7 23 48-146 1.7b 0.5 0.7-2.7
Dead 15 73 36  0-100 0.62 0.37 0.24-1.60 7.4 1.2 5498 1.0 0.3 0.6-2.1

Note: Trees are grouped by treatment (see text for details). Different letters within a column denote significant differences between treatment means for
both live and dead trees at p < 0.05. We collected crown scorch data by classes, but data are shown here as percentages. DBH, diameter at breast height;

n.a., not applicable (there is no variation in this measure).

for treatment group identity, using AIC,.. We chose the final
model for each treatment group by comparing competing
models with AIC..

We subjected the models to diagnostic tests to determine
whether the data met the assumptions of logistic regression
and to assess the influence of potential outliers (Hosmer and
Lemeshow 2000). We used the Pearson y? to measure model
fit. The number of mortalities was sparse, and we could not
reliably use Hosmer—-Lemeshow tests as an additional mea-
sure of model fit. We assessed model discrimination, using
receiver operating characteristic (ROC) curve analysis. The
area under the ROC curve is a measure of the proportion of
the instances in which pairwise comparisons of the predicted
response variable (i.e., P,,) is greater for trees with a positive
score for the observed response variable (dead trees) than for
trees with a negative score for the observed response vari-
able (live trees). Models show acceptable levels of discrimi-
nation if the area under the ROC curve is 20.7 (Hosmer and
Lemeshow 2000). Higher proportions imply greater levels of
discrimination. We used SYSTAT version 10.2 (SYSTAT
2002) to conduct all analyses.

Results

Table 1 presents summary statistics used to assess differ-
ences among treatments. The trees in the fuels removal treat-
ment exhibited fewer deaths than either the bark removal
group or the control group (Krusal-Wallis test statistic
13.1, df = 2, p = 0.001). Differences in tree diameters and
crown scorch severity among the treatment groups were not
significant (DBH: F = 0.5, df = 2, p = 0.601; crown scorch
class: F = 1.1, df = 2, p = 0.321) and therefore do not ex-
plain the difference in mortality among groups. In contrast,
stem scorch heights differed among groups (F = 92.0, df =
2, p < 0.001), with stem scorch in the fuels removal treat-
ment being entirely absent. Pretreatment differences in basal
bark thickness were not significant (F = 0.3, df = 2, p =
0.731), although following treatment the bark removal group
had significantly thinner basal bark than the other treatment
groups (F = 83.1, df = 2, p < 0.001).

Logistic regression successfully provided models of
postfire mortality for the bark removal and control groups
but not for the fuels removal group, which had too few
deaths to create a model. AIC, supported separating the bark
removal and control groups when we combined the data for
these groups and modeled mortality using crown scorch
class, stem scorch height, and bark thickness (log L, includ-

Table 2. Logistic regression model selection for Pinus ponderosa
postfire mortality by treatment group.

Treatment Model log L K* AICS AAIC/H

Bark removal CSC, SSH, BT -24.3 4 57.5 1.2
CSC, SSH 249 3 56.3 0
CSC, BT -293 3 65.0 8.7
SSH, BT -263 3 59.0 2.7
CSC 295 2 63.2 6.9
SSH 271 2 58.4 2.1
BT -31.1 2 66.4 10.1

Fuels removal n.a.

Control CSC, SSH, BT -142 4 37.3 1.5
CSC, SSH -21.8 3 50.1 14.4
CSC, BT -146 3 35.8 0
SSH, BT -19.7 3 45.9 10.1
CSC 219 2 48.0 12.3
SSH -31.1 2 66.5 30.7
BT -19.8 2 43.9 8.1

Note: The models include a constant and terms for bark thickness (BT);
crown scorch class (CSC); and stem scorch height (SSH). n.a., not appli-
cable, no acceptable model could be created.

“Log likelihood of the model.

*Number of parameters in the model.

‘Corrected Akaike information criterion.

dCorrected Akaike information criterion relative to the best model.

ing term for treatment group identity = —40.2, K =5, AIC, =
90.9, AAIC, = 0.0; log L, excluding term for treatment group
identity = —46.8, K = 4, AIC, = 102.1, AAIC, = 11.1). The
best model for the bark removal group included crown
scorch class and stem scorch height, although including a
term for bark thickness also had support (Table 2). The best
model for the control group included crown scorch class and
bark thickness, although there was support for including a
term for stem scorch height (Table 2).

Table 3 presents the best models for the bark removal and
control groups. Crown scorch class was a predictor of
postfire mortality for both the bark removal and the control
groups. The best model for the bark removal group did not
include a term for bark thickness, whereas the best model
for the control group did not include a term for stem scorch
height. Both models fit the data reasonably well (bark re-
moval group: Pearson y* = 54.535, df = 49, p = 0.272; con-
trol group: Pearson x> = 34.476, df = 49, p = 0.942). The
ROC curve analysis showed that both models discriminate
between live and dead trees at an acceptable level (Table 3).
We found no evidence of interactions among the predictor
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Table 3. Best logistic regression models predicting postfire Pinus ponderosa mortality for the

prefire treatment groups.

Estimated coefficients

Treatment n By (constant) B, (CSC) B, (SSH) B; (BT) ROC
Bark removal 53 —4.017 (1.089) 0.382 (0.190) 0.030 (0.011) n.a. 0.784
Fuels removal 53 n.a. n.a. n.a. n.a. n.a.

Control 53 2.554 (1.897)  0.663 (0.237) n.a. —4.582 (1.681) 0.943

Note: The independent variables included crown scorch class (CSC), stem scorch height (SSH), and bark
thickness (BT); n.a., not applicable (term not used in model, or no acceptable model could be created); ROC,
area under the receiver operating characteristic curve. Standard errors of the estimated coefficients are pre-

sented in parentheses.

variables for either model using AIC.. When all predictor
variables were used to model mortality, as supported by
AIC,, the bark removal group had high standard errors for
the bark thickness term, whereas the control group had high
standard errors for the stem scorch height term.

Discussion

Our results experimentally demonstrate that stem damage
is an important determinant of postfire mortality for small
ponderosa pine, although this relationship may not be
readily apparent from observational data alone. Trees that
lacked stem damage essentially escaped postfire mortality,
although this would not have been predicted from observa-
tions of untreated trees. The low mortality rate of trees that
did not receive stem damage implies that it is the additive ef-
fects of damage to different tree organs that actually results
in tree death. Tree death in the absence of fire is often the
result of many stressors interacting in concert (Manion
1981); our results suggest that the process of fire-mediated
tree mortality is also complicated and likely involves the in-
tegration of damage to different tree organs. Bark removal
did not cause an increase in postfire mortality as expected,
perhaps because fuel loading and fire intensities were low.
This treatment, however, altered the usefulness of the
postfire mortality predictor variables. Mortality for the con-
trol trees was strongly related to both crown scorch severity
and bark thickness. In contrast, when bark defenses were ar-
tificially weakened, mortality was predicted by crown scorch
and stem scorch severity, suggesting an increased sensitivity
to stem damage. Heavier fuel loading or higher fire intensi-
ties may have resulted in increased mortality for the bark re-
moval group.

Data from additional fires and species are needed to deter-
mine the general importance of stem damage as a predictor
of postfire mortality. It seems logical, however, that the im-
portance of stem damage depends on both tree defenses and
the severity of fire-related stress. Many models consider
only stem defenses, although it is easy to imagine situations
in which thick-barked trees would be susceptible to stem
damage (e.g., thick duff layers producing long-lasting smol-
dering fires) or in which a high variation in fire severity
would obscure the relationship between bark thickness and
fire-induced mortality. Additional measures would also in-
crease predictive abilities of mortality models, so long as
these measures are biologically meaningful. For example,
prefire tree vigor (van Mantgem et al. 2003), postfire root
necrosis (Swezy and Agee 1991), and pathogen load (Peter-
son and Arbaugh 1986) would allow greater model preci-

sion. Stem diameter, although easy to measure and com-
monly used, is biologically ambiguous, compared with di-
rect measures of bark thickness and crown height.

Understanding the process of fire-caused death, particu-
larly for small trees, is important in the context of forest
management. In the American Southwest researchers have
found low-intensity prescribed fire to be relatively ineffec-
tive for selectively removing small trees (Sackett et al. 1996;
Fulé et al. 2002), which has translated into recommendations
for forest restoration that emphasize mechanical thinning
(Covington 2000). In contrast, prescription burning in the Si-
erra Nevada has been successful at reducing small-tree den-
sities (Keifer 1998), and prescribed fire without mechanical
treatments remains a feasible forest-thinning tool
(Stephenson 1999). Our results suggest that systematic dif-
ferences in stem damage, perhaps mediated by differences in
fuels characteristics, could provide a partial explanation of
the variable mortality responses between these regions.
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