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Abstract. Reduction of crown fire hazard in Pinus ponderosa forests in the Black Hills, SD, often focuses on the
removal of overstorey trees to reduce crown bulk density. Dense ponderosa pine regeneration establishes several years
after treatment and eventually increases crown fire risk if allowed to grow. Using prescribed fire to control this regeneration
is hampered by the limited knowledge of fire-related mortality threshold values for seedlings (<1.4 m tall) and saplings
(0.25 to 10 cm diameter at breast height). The present study was initiated to assess fire-related mortality of ponderosa pine
seedlings and saplings on prescribed burns across the Black Hills. We established plots in several burn units after the first
post-fire growing season to measure crown volume scorch, crown volume consumption, basal scorch, and ground char
for ponderosa pine seedlings and saplings. Logistic regression was used to model the probability of mortality based on
tree size, flame length, and direct fire effects. Tree size, flame length, crown damage, ground char, and basal char severity
were all important factors in the prediction of mortality. Observed mortality was >70% for seedlings but was only 18 to
46% for sapling-sized trees. The differences in mortality thresholds for ponderosa pine seedlings and saplings highlight
their susceptibility to different damage pathways and give managers several options when designing burn prescriptions.

Additional keywords: basal char, crown damage, fire management, ground char, logistic regression, Pinus ponderosa,
saplings, seedlings.

Introduction

Reduction of crown fire hazard in ponderosa pine (Pinus pon-
derosa var. scopulorum Dougl. ex Laws.) forests of the western
United States often focuses on the removal of overstorey trees
to reduce canopy bulk density. Although the initial treatment
may reduce crown fire risk in the short term, the long-term out-
come of these treatments is unknown. For instance, retention
of a low-density mature overstorey coupled with ground dis-
turbance can create ideal conditions for prolific regeneration
(Oliver and Ryker 1990; Shepperd and Battaglia 2002) and pro-
duce rapid growth of new or existing pine regeneration (Fajardo
et al. 2007). Ladder fuels and increased canopy density created
over time by growth of these trees and the existing overstorey
lead to increased potential for crown fire behavior. Therefore,
sustaining forest structures that are more resilient to crown fire
will require maintaining ponderosa pine seedling regeneration
at low densities. Prescribed fire may be used to achieve this
goal; however, the severity of direct fire effects needed to induce
specific levels of seedling and sapling mortality is unknown.
The ability to predict individual tree mortality in large pon-
derosa pine trees has been well studied (Wyant et al. 1986;
Saveland and Neuenschwander 1990; Regelbrugge and Con-
rad 1993; Stephens and Finney 2002; McHugh and Kolb 2003;
Keyser et al. 2006; Sieg et al. 2006; Thies et al. 2006). In con-
trast, fire-induced mortality threshold values for ponderosa pine
seedlings (<1.4 m tall) and saplings (0.25 to 10 cm diameter at

breast height, DBH) are limited (Harrington 1987, 1993; van
Mantgem and Schwartz 2004).

In the Black Hills of South Dakota, favorable growing
conditions and good seed crops often coincide and result in
abundant natural ponderosa pine regeneration establishment,
often exceeding 1000 stems ha−1 (Shepperd and Battaglia 2002;
Battaglia 2007). Historically, the density of this natural regen-
eration was regulated by wildfires every 10 to 35 years (Brown
and Sieg 1996, 1999; Brown et al. 2000; Brown 2003; Wienk
et al. 2004), resulting in a landscape that was a mosaic of multi-
cohort patches of various densities and structure types (Brown
and Cook 2006). However, the suppression of wildfires over
the past century and the cost associated with mechanical thin-
ning has led to ponderosa pine forests in the Black Hills that
have dense thickets of seedling- and sapling-sized trees in the
understorey (DeBlander 2002). The application of prescribed
fire could potentially be used in the Black Hills to reduce regen-
eration density as it has been used to thin dense young stands
in several other pine ecosystems (Morris and Mowat 1958;
Wooldridge and Weaver 1965; Harrington 1987, 1993; Waldrop
and Lloyd 1988).

Ponderosa pine seedlings and saplings should be more sus-
ceptible to low-intensity prescribed fires because they have
thinner bark and lower crowns than their larger-diameter coun-
terparts (van Mantgem and Schwartz 2003). These two factors
increase the probability of multiple fire-induced injuries. The
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cumulative effect of these injuries to the foliage and cambium is
thought to contribute to small tree mortality (van Mantgem and
Schwartz 2004).

Low crown base heights increase the probability of crown
scorch and consumption during a fire owing to the proximity
of the foliage to the flame (van Wagtendonk 1983). Several
studies in ponderosa pine trees >5 cm DBH have demonstrated
a strong positive relationship between crown damage by fire
and subsequent mortality (Wyant et al. 1986; Harrington 1987,
1993; Regelbrugge and Conrad 1993; Stephens and Finney 2002;
McHugh and Kolb 2003; van Mantgem and Schwartz 2004;
Keyser et al. 2006; Sieg et al. 2006; Thies et al. 2006). Other
studies have shown that, in general, larger-diameter ponderosa
pine trees can survive proportionally greater crown damage than
smaller trees (Lynch 1959; Wyant et al. 1986; Harrington 1987,
1993; Stephens and Finney 2002; McHugh and Kolb 2003;
Keyser et al. 2006; Sieg et al. 2006). The mortality thresholds
associated with crown damage in these studies were often depen-
dent on tree diameter, bark thickness, pre-fire vigor, crown ratio,
and the presence or absence of other fire-related injuries.

Heat damage from flaming and smouldering combustion to
basal cambial tissue is also an important factor to consider
(Peterson and Arbaugh 1986, 1989; Ryan et al. 1988; Ryan
and Frandsen 1991; Stephens and Finney 2002). Bark thick-
ness and thermal resistance combined with fire intensity and
duration determine the extent of cambium damage (Ryan and
Frandsen 1991; van Mantgem and Schwartz 2003). Although
small-diameter (<15 cm DBH) ponderosa pine trees possess
some bark thermal resistance (van Mantgem and Schwartz
2003), fire-related cambial damage in these small trees has been
associated with post-fire mortality (Lynch 1959; Wyant et al.
1986; Stephens and Finney 2002; McHugh and Kolb 2003;
van Mantgem and Schwartz 2004; Keyser et al. 2006; Thies
et al. 2006). Including cambial damage with crown injury has
improved mortality models (Wyant et al. 1986; Stephens and
Finney 2002; McHugh and Kolb 2003; Thies et al. 2006).

Heating of the soil from surface fuel and forest floor con-
sumption can also damage the fine root system (Frandsen and
Ryan 1986; Dumm 2003; Smith et al. 2004; Hart et al. 2005)
and contribute to tree mortality (Swezy andAgee 1991; Stephens
and Finney 2002). In areas where duff is completely consumed by
fire, heat pulses into the upper layers of the mineral soil can reach
temperatures lethal to roots and soil biota (Hartford and Frandsen
1992). Because root damage is inherently difficult to assess with-
out excavation (Ryan 1982; Swezy and Agee 1991), the amount
of charred ground is often used as a surrogate measure (Ryan
and Noste 1985). However, the utility of these metrics has not
been well established with small trees. Measures of ground char
severity or fuel consumption in conjunction with other damage
variables (crown and cambial damage) have been shown to either
enhance (Swezy andAgee 1991; Stephens and Finney 2002; Sieg
et al. 2006) or be insignificant in (McHugh and Kolb 2003;Thies
et al. 2006) the prediction of mortality in ponderosa pine trees
>5 cm DBH.

Use of prescribed fire to reduce ponderosa pine seedling and
sapling densities requires specific knowledge of fire-induced
mortality thresholds and predictive models developed using
empirical data from these size classes. Most ponderosa pine
mortality models were developed using data collected from trees

>5 cm DBH with datasets that had average diameters exceed-
ing 20 cm DBH. Use of these models to predict seedling and
sapling mortality under prescribed burning conditions can pro-
duce erroneous predictions (Hood et al. 2007). Giving managers
the ability to accurately predict regeneration mortality will allow
the development of burn prescriptions to meet specific density
reduction objectives and greatly enhance the ability to maintain
specific forest conditions through time.

The objectives of the research reported here were to
(1) develop logistic regression models to predict post-fire mor-
tality of ponderosa pine seedlings and saplings in the Black
Hills, and (2) identify factors that contribute to fire-induced
mortality of these small trees. Providing these tools will greatly
enhance the application of prescribed fire in the Black Hills
ponderosa pine ecosystem and potentially save critical funds
currently devoted to mechanical treatment of fuels and stocking
control by lengthening the effectiveness of fuels treatments.

Methods
Study sites
The Black Hills are an isolated forested geologic uplift located in
south-west South Dakota and north-east Wyoming that extends
200 km from north to south and 100 km from east to west
(Shepperd and Battaglia 2002). Elevations in the Black Hills
range from 1000 to 2207 m and are ∼300 to 1200 m above the
surrounding Great Plains. The increased elevation results in an
orographically induced microclimate that increases precipita-
tion.Annual average precipitation ranges from 41 cm in the south
to 74 cm in the north. Most of the precipitation occurs from
April to August, with May and June receiving 33% of annual
precipitation (Driscoll et al. 2000). Annual average temperature
ranges from 2.9 to 9◦C. The frequent rain showers during the
early growing season in combination with warm temperatures
are conducive to prolific natural ponderosa pine regeneration
(Shepperd and Battaglia 2002). Ponderosa pine dominates 85%
of the forested land base (DeBlander 2002) and is found at all
elevations, soil types, and aspects. It can be found mixed with
white spruce (Picea glauca [Moench] Voss) and aspen (Populus
tremuloides Michx.) in the moister, higher elevations.

The present study was conducted within the Black Hills
National Forest, Wind Cave National Park, and Mt Rushmore
National Monument public lands (Table 1). We measured post-
fire mortality of ponderosa pine seedlings and saplings on
five dormant-season prescribed fires (Bullock, Buffalo, Horse
Nugget, Medicine, and Rankin Tower) and one dormant-season
wildfire (Lafferty Gulch). Sampling was restricted to dormant-
season burns because prescribed burning in the Black Hills is
limited to this time period for logistical and safety reasons.
We recognize that mortality thresholds are likely sensitive to
the physiological state of a tree as demonstrated by Harrington
(1987, 1993). In those studies, higher mortality was observed
in growing-season v. dormant-season fires for similar levels of
crown scorch. However, from a practical standpoint, models to
predict mortality during prescribed fires should be parameter-
ized for conditions when these burns are likely to occur, when
trees are in a dormant physiological state.

Prescribed burns were carried out within the burn prescription
and were representative of operational burns for the Black Hills
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(Table 2). The goals of these burns are often to reduce surface
and ladder fuels, stimulate browse species, encourage grass and
forb production, and create openings. Operational burns were
ignited with hand-carried drip torches to produce multiple-strip
head fires spaced to yield flame lengths that ranged between
0.15 and 1.5 m tall. Acceptable weather conditions to remain
in prescription include: maximum temperature of 16◦C; min-
imum relative humidity of 15–25%; maximum wind speeds
of 8 km h−1; and minimum fuel moisture based on fuel parti-
cle size: 1-h fuel moistures of 4–10%; 10-h fuel moistures of
7–10%; and 100-h fuel moistures of 9–13%. The Lafferty Gulch
wildfire began as a result of a pile burn operation on 26 February
2006 and burned until 3 March 2006. Although it was classified
as a wildfire, weather conditions and fire intensity (bole char
heights up to 7.5 m) during the wildfire were similar to those of
other prescribed burns (Table 2).

Sampling was limited to fires that occurred within 4 to 8
months of the following growing season to ensure fire-related
damage measurements were captured before needles abscized or
understorey vegetation recovery made it difficult to determine
ground severity.

Plot setup
Although sample design and layout differed between the sites,
plot sampling procedures were similar. The design and layout
differed because the Medicine and Buffalo burns, which
occurred in fall (autumn) 2004 and fall 2006, respectively, were
part of a separate study to investigate the relationship between
fire behavior and regeneration mortality. Random plots were
established before the prescribed burn to measure fire behav-
ior and remeasured one growing season after the fire. The other
four sites in the current study were established within one grow-
ing season after the fire and measured from a random starting
point.

Medicine and Buffalo prescribed fires
We established 25 randomly located plots within the Medicine
burn unit. Fire behavior was monitored during the 19 October
2004 prescribed fire using a video camera and flame heights
were estimated for 15 of the 25 plots. At each plot, a post with
0.15-m intervals was used as a reference point to measure flame
height. Flame height (H, m) was converted to flame length (L, m)
using the following equation:

L = [H(sin(90 − β))]/(sin(θ − β)) (1)

where β is the measured slope angle and θ is the angle of the
flame from the horizontal. A mean flame angle of 50◦ was used
for the conversion in Eqn 1 following Kobziar et al. (2006).

We established twenty 20.25-m2 square plots within the Buf-
falo burn unit in July 2005. Fire behavior and sapling mortality
were observed within a nested 12.25-m2 (3.5 × 3.5 m) subplot.
On 15 of the 20 subplots, fire behavior was recorded with a
video camera during the 1 November 2006 burn. At each sub-
plot, a post with 0.15-m intervals was used as a reference point
to measure flame height. Flame height (H, m) was converted
to flame length (L, m) using Eqn 1 following Kobziar et al.
(2006).
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For both fire behavior observational studies, fires were ignited
with hand-carried drip torches to produce multiple-strip head
fires throughout the burn unit.

Rankin Tower, Bullock, and Horse Nugget
prescribed fires
Transects 200 m long were established on the Bullock, Horse
Nugget, and Rankin Tower burn units in the 2006 growing sea-
son, 4 to 8 months after fire. The starting point of each transect
was randomly generated within the Bullock (n = 1) and Horse
Nugget (n = 5) prescribed burn perimeters. In the Rankin Tower
prescribed burn, the starting point of two transects were placed
on permanent monitoring plots that were already established by
Wind Cave National Park staff, whereas the other three transects
were randomly established. The direction of each transect was
randomly chosen and a plot (n = 5 per transect) was established
every 50 m along each transect within a burn unit.

Lafferty Gulch wildfire
Before the wildfire, the Lafferty Gulch area had been mechani-
cally thinned in 2003 to remove ponderosa pine saplings <15 cm
DBH. Most of the residual slash had been piled and burned
(which incidentally started the wildfire). Originally, the National
Park Service staff had set up randomly selected plots within the
project area to monitor impacts of thinning. Several of these orig-
inal monitoring plots burned in the wildfire and we utilized four
of these plots as a starting point for four transects. The direc-
tion of each transect was randomly chosen and a plot (n = 5
per transect) was established every 50 m along each transect.
An additional seven fire mortality plots were established at the
location of other original fuel reduction project monitoring plots
within the burn perimeter.

Data collection
A nested plot design consisting of a 2-m radius circular plot to
sample ponderosa pine seedlings (trees <137 cm tall) located
within a larger circular plot to sample saplings (trees 0.25 to
10 cm DBH) was used on all sites except the Buffalo study site.
The larger sapling plot was 5 m in radius on the Medicine site
and 15 m in radius on the Rankin Tower, Bullock, Horse Nugget,
and Lafferty Gulch study sites. We increased the radius size for
the Rankin Tower, Bullock, Horse Nugget, and Lafferty Gulch
because it was found that a 5-m radius on the Medicine burn
did not include enough saplings. Ponderosa pine seedlings were
categorized into five height size classes (0.1 to 15.2 cm; 15.2 to
45.7 cm; 45.7 to 76.2 cm; 76.2 to 106.7 cm; and 106.7 to 137 cm).
We categorized ponderosa pine saplings into five diameter size
classes (0.25 to 2.54 cm; 2.54 to 5.1 cm; 5.1 to 7.6 cm; 7.6 to
10.2 cm; and 10.2 to 12.7 cm). Seedling and sapling density, sta-
tus (live or dead), and fire-related damage were assessed on each
of the seedling and sapling plots (Table 3).Trees were considered
dead when there were no live buds present.

Fire damage variables were measured for each seedling and
sapling on each plot. Percentage of pre-fire live crown volume
scorched (CVS) and percentage of pre-fire live crown volume
consumed (CVC) were visually assessed to the nearest 5% by
viewing each tree from all sides (Peterson 1985). Crown scorch
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Table 3. Range of morphological and tree-injury measured data used to develop and calibrate seedling and sapling mortality models

Tree-injury models

Ground char severity n Height (cm) Crown volume damage (%) Basal char severity class

Seedling
Unburned 478 7.6 to 122 0 to 100 0 to 4
Light 959 7.6 to 122 0 to 100 0 to 4
Moderate 118 7.6 to 122 25 to 100 0 to 4
Consumed 60 7.6 to 122 80 to 100 0 to 4

Ground char severity n Diameter at breast height (cm) Crown volume scorch (%) Crown volume consumed (%)

Sapling
Unburned 208 0.25 to 12.7 0 to 100 0 to 95
Light 1083 0.25 to 10.2 0 to 100 0 to 100
Moderate 792 0.25 to 12.7 0 to 100 0 to 100
Consumed 807 0.25 to 10.2 0 to 100 0 to 100

Basal char severity class n Diameter at breast height (cm) Crown volume scorch (%) Crown volume consumed (%)

0 902 0.25 to 12.7 0 to 100 0 to 100
1 35 0.76 to 10.2 0 to 100 0
2 63 0.25 to 10.2 0 to 100 0 to 40
3 305 0.25 to 10.2 0 to 100 0 to 95
4 1585 0.25 to 12.7 0 to 100 0 to 100

Fire behavior models

Size class n Flame length (m) Height (m) Diameter at breast height (cm)

Seedling 972 0.076 to 1.22 0.76 to 1.22 N/A
Sapling 415 0.1 to 1.4 1.4 to 7.3 0.25 to 12.7

was defined as foliage that experienced color change as a result
of fire (Keyser et al. 2006), but which was not consumed (Ryan
1982). This included singed foliage as defined by McHugh and
Kolb (2003). Crown consumption was defined as foliage con-
sumed by active combustion and was determined by the presence
of needle fascicles on small branches to indicate that branches
had supported live foliage before the fire (McHugh and Kolb
2003; Sieg et al. 2006). Total crown volume damaged (CVD)
was calculated by adding CVS + CVC (McHugh and Kolb 2003;
Sieg et al. 2006).

Basal char severity was used to estimate cambial damage
based on the criteria established by Ryan (1982) and utilized
by several recent studies (McHugh and Kolb 2003; Sieg et al.
2006; Thies et al. 2006; Hood and Bentz 2007). The percentage
of the basal circumference on the first 5 cm above the ground
was assessed with the following criteria: 0 = unburned, no evi-
dence of flame having contacted the bole and no charring or
darkening of the bole; 1 = light, light scorch or char on edges
of bark plates; 2 = moderate, bark is uniformly black with the
possible exception of the inner depths of the prominent fissures,
but bark character is still discernable; 3 = deep, bark is deeply
charred, but not necessarily to the wood and surface character-
istics have been lost. We assumed that heat sufficient to cause
moderate or deep basal char would kill the cambium (Thies et al.
2006). A basal char severity class was calculated by summing
the percentage of the bole with moderate or deep basal char.
Basal char severity classes (BC) were: 0 = no moderate or deep
basal char; 1 = summation of moderate and deep basal char was

>0 and <25%; 2 = summation of moderate and deep basal char
was >25 and <50%; 3 = summation of moderate and deep basal
char was >50 and <75%; and 4 = summation of moderate and
deep basal char was >75%.

Ground surface char severity was used to indirectly esti-
mate damage to root systems (Swezy and Agee 1991; McHugh
and Kolb 2003; Sieg et al. 2006; Thies et al. 2006; Hood and
Bentz 2007). The dripline of seedling or sapling crown was
divided into quadrants and ground char (GC) was measured
in each quadrant using the criteria developed by Ryan (1982):
0 = unburned, no visible effect on soil; 1 = light, surface of
litter and duff layers scorched or charred but duff is not signif-
icantly altered; 2 = moderate, litter completely consumed and
duff deeply charred; 3 = consumed, litter and duff completely
consumed, ash only can be seen but the underlying mineral soil
is not altered. A ground-char severity index was calculated as
the sum of the four quadrant codes divided by four.

Because we were unable to observe the fire behavior
in the Rankin Tower, Bullock, Horse Nugget, and Lafferty
Gulch burn units, we estimated flame lengths based on bole
scorch height (Cain 1984; Brown and DeByle 1987). Bole scorch
height was measured on four randomly selected overstorey
trees at each plot within a burn unit and averaged. Based
on observed flame lengths and measured bole scorch heights
(n = 400 trees) from the Buffalo burn unit, we calculated a
flame length : bole scorch height ratio. We multiplied this ratio
(1.2) by the average bole scorch height to obtain a predicted
flame length.
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Data analysis
Data from each fire were pooled to test for difference between
live and dead trees morphological and fire-damage character-
istics. Wilcoxon rank sum tests were used to test for these
differences (α = 0.05) using the NPAR1WAY procedure in SAS
(SAS Institute 2001). We assessed differences in average mor-
tality by size class using PROC Mixed in SAS (SAS Institute
2001) with ‘burn unit’ as a random variable.

We used logistic regression models to develop models that
predict the probability of seedling or sapling mortality within
the first post-fire growing season. These models are useful for
predicting the probability of an occurrence (i.e. live or dead
tree), based on predictor variables such as crown damage or tree
size. Also, logistic regression analysis does not require normally
distributed values. Logistic regression analysis is an accepted
technique to model fire-related mortality and has been success-
fully used for predictions in prescribed burn (Ryan and Reinhardt
1988; Ryan and Frandsen 1991; Harrington 1993; Stephens and
Finney 2002; McHugh and Kolb 2003; Thies et al. 2006) and
wildfires (Regelbrugge and Conrad 1993; Keyser et al. 2006;
Sieg et al. 2006). The logistic regression equation used to model
tree mortality has the form:

P(m) = 1/[1 + exp(−(β0 + β1X1 + . . . + βnXn))] (2)

where P(m) is the predicted probability of tree mortality, β0, β1,
and βn, are regression coefficients, and X1 and Xn are repre-
sentative independent variables. The logistic function provides
a continuous estimate of the probability of mortality between
zero and one, with one indicating a dead tree. We used a cutoff
of 0.5 to signal mortality (Saveland and Neuenschwander 1990;
Keyser et al. 2006). If P(m) < 0.5, then the tree was predicted
live, otherwise it was predicted dead.

Fire-damage mortality models
PROC LOGISTIC was also used to predict mortality based
on tree morphological and fire-damage variables from the
Medicine, Rankin Tower, Bullock, Horse Nugget, and Lafferty
Gulch study sites. Only variables that were significantly differ-
ent between live and dead trees (P < 0.05) and were not strongly
correlated (r ≤ 0.50) with other independent variables were used
in the development of logistic regression models (McHugh and
Kolb 2003; Thies et al. 2006). Separate models were developed
for seedlings and saplings because the tree morphological mea-
surement that differed by convention defines the two size classes
(i.e. seedlings = height and saplings = DBH). Exploratory mod-
els using the tree morphological and fire damage variables were
developed using score and stepwise selection options (Hosmer
and Lemeshow 2000). All independent variables and any bio-
logically relevant interactions were included in the full model.
The generalized Wald statistic with a χ2 distribution was used
to test if model coefficients were different from zero (α = 0.05).
Only variables and interactions that were found to have a P-value
<0.05 were kept in the model.

Models were built using a random sample of ∼75% of the
full data. The prediction capacity of significant models was
assessed using the remaining ∼25% of the full dataset to vali-
date the models (Regelbrugge and Conrad 1993; Keyser et al.

2006). The Hosmer–Lemeshow goodness of fit test was used
to evaluate the fit of the final models (Hosmer and Lemeshow
2000). A Hosmer–Lemeshow test statistic with P > 0.05 indi-
cates a good fit and that the model prediction does not sig-
nificantly differ from the observed data. We also used the
receiver operating characteristic (ROC) curve analysis (Saveland
and Neuenschwander 1990; Hosmer and Lemeshow 2000) to
evaluate the model’s ability to discriminate between dead and
live trees. Models with ROC values between 0.70 and 0.80
have acceptable discrimination, ROC values between 0.80 and
0.90 have excellent discrimination, and ROC values ≥0.90
have outstanding discrimination (Hosmer and Lemeshow 2000).
Final models were developed with generalized estimating equa-
tions (GEE) in PROC GENMOD in SAS (SAS Institute 2001)
to account for autocorrelated data within each transect (Sieg
et al. 2006). For each model, we used the validation dataset
to assess the model’s prediction to the observed status of the
tree and calculated the percentage of correctly classified trees.
In addition, as the Buffalo burn data was not used to develop
the fire-damage mortality models, we used these data as an
external model validation dataset for the fire-damage mortality
models.

To ensure the developed models were applicable across the
Black Hills, we performed an additional analysis that included a
categorical ‘location’ variable to assess if this variable added
significantly to the model’s ability to predict tree mortality.
Development of these models followed the same procedures
described above. If location was significant, this would indicate
that pooling of the data would be inappropriate for that specific
model.

Fire-behavior mortality models
We used the observed flame length data from the Medicine
and Buffalo burn units to predict tree mortality using PROC
LOGISTIC in SAS (SAS Institute 2001) following the same
procedures and protocols as described above. Models were
developed to predict mortality based on height for seedlings and
saplings.An additional model was developed to predict mortality
based on DBH for saplings.

Results
Seedlings
Of the 1619 seedlings surveyed, 78% were dead after the first
growing season following fire. The percentage of seedlings that
died decreased with seedling height (Fig. 1a). Mortality of
seedlings less than 76 cm tall was above 90% (Fig. 1a). Mortality
of seedlings that were 76 to 137 cm tall ranged from 50 to 60%
(Fig. 1a).

Dead seedlings were significantly shorter than the surviv-
ing seedlings (Table 4). Dead and live seedlings had similar
crown volume scorch values, but dead seedlings had significantly
higher crown volume consumption and total crown damage
than live seedlings (Table 4). Cambial injury, as measured by
basal char severity, was significantly higher for dead seedlings
(Table 4). Damage to roots, as measured by ground char severity,
was significantly higher around dead seedlings (Table 4).
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Logistic models for seedlings
Many one- or two-variable models that managers could use more
readily in the field were attempted, but the majority of them
failed to pass the Hosmer–Lemeshow goodness of fit test or
had low accuracy. Multivariate models that included seedling
height, multiple fire damage variables, and flame height pre-
dicted mortality with the highest ROC values (0.97) and accuracy
(94%) (Table 5). Basal char (BC) and ground char (GC) sever-
ity were not highly correlated (r = 0.42; P < 0.0001), so both
were included as candidate variables during model development.
Because there was no significant difference in crown volume
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Fig. 1. Observed average percentage mortality (±s.e.m.) of ponderosa
pine (a) seedlings (<137 cm tall) and (b) saplings after dormant season fire
(n = 6) by size class (diameter at breast height, DBH). Significant differences
(P < 0.05) among seedling size classes or sapling size classes were tested
on the LSMEANS and are designated by different letters.

Table 4. Mean characteristics of live and dead ponderosa pine seedlings (<137 cm tall) and saplings (0.25 to 10 cm diameter at breast height) after
prescribed fires in the Black Hills of South Dakota

The P-value shows results of Wilcoxon rank sum test. Hgt (cm) is seedling height; DBH (cm) is diameter at breast height; CVS, crown volume scorched; CVC,
crown volume consumed; CVD, crown volume damage (scorch + consumption); GC, ground char severity class rating (0, unburned; 1, light; 2, moderate;
3, consumed); BC, basal char severity (%moderate + %deep) class rating (0, 0% basal char severity; 1, >0% and <25% basal char severity; 2, >25% and

<50% basal char severity; 3, >50% and <75% basal char severity; or 4, 75% basal char severity)

Variable Seedlings (n = 1619) Saplings (n = 2890)

Live Dead P value Live Dead P value

Hgt (cm) 66.9 43.2 <0.0001 N/A N/A N/A
DBH (cm) N/A N/A N/A 4.3 3.1 <0.0001
CVS (%) 43.1 50.7 0.2704 33.4 78.2 <0.0001
CVC (%) 0.30 46.8 <0.0001 0.18 17.3 <0.0001
CVD (%) 43.4 97.5 <0.0001 33.6 95.6 <0.0001
BC 0.28 1.40 <0.0001 1.9 3.5 <0.0001
GC 0.42 0.97 <0.0001 1.4 2.3 <0.0001

scorch (CVS) between live and dead seedlings (Table 4), only
total crown volume damage (CVD) was used as a crown damage
variable during model development. Location was insignificant
(P > 0.05) for each seedling model. For each of the significant
models, coefficients for seedling height were negative, indicat-
ing that shorter seedlings have a significant increase in P(m)
(Table 5). P(m) increased with increasing direct fire effects
(CVD, BC, GC) (Table 5).

Levels of GC and BC severity influenced the amount of
crown damage that was in turn associated with mortality (Fig. 2).
Predicted mortality was more sensitive to GC severity than BC
severity. For example, at similar levels of BC severity, the amount
of CVD needed to kill seedlings decreased substantially with an
increase in GC severity (Fig. 2). At similar levels of GC sever-
ity, the amount of CVD required to kill seedlings also decreased
with an increase in BC severity, but at a slower rate (Fig. 2).

Observed fire behavior data from the Medicine prescribed
burn was used to develop a model that predicted seedling mor-
tality based on observed flame length (Table 5; ROC = 0.90,
accuracy = 92%). The P(m) of seedlings increased with flame
length (Fig. 3a). Dead seedlings (P(m) = 0.5) less than 60 cm tall
were associated with flame lengths of 5 cm (Fig. 3a). In order
to kill seedlings that were 90 cm tall, the model predicted flame
lengths >25 cm were necessary and flame lengths >45 cm were
necessary to kill seedlings that were 120 cm tall (Fig. 3a).

Saplings
Of the 2890 saplings surveyed, 41% were dead in the first grow-
ing season following fire. The percentage of saplings that died
ranged from 18 to 45%, with lower mortality occurring for larger
diameters (Fig. 1b).

Dead saplings were significantly smaller in diameter than
surviving saplings (Table 4). Fire injuries to the crown, bole,
and cambium were significantly higher for dead saplings than
live saplings (Table 4).

Logistic models for saplings
Multivariate models that included sapling DBH, multiple fire
damage variables and flame length predicted mortality with the
highest ROC values and accuracy (Table 6). BC severity and
GC severity were correlated (r = 0.66; P < 0.0001); therefore,
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separate regression models were created for each variable. As
with seedlings, one or two variable models that managers could
use more readily in the field were attempted, but again, the major-
ity of them also failed to pass the Hosmer–Lemeshow goodness
of fit test. For each of the significant models, coefficients for
DBH were negative, indicating P(m) increased as sapling size
decreased (Table 6). Coefficients for crown damage (CVS and
CVC), BC severity and GC severity were all positive, suggest-
ing that increases in these direct fire effects result in a greater
likelihood of mortality (Table 6).

Models using DBH, CVC, CVS, and either GC severity or BC
severity explained the most variation (ROC = 0.97) and had the
highest accuracy (92%) of all the models developed (Table 6).
These two models suggest that the effect of fire on ponderosa
pine saplings is strongly linked to sapling size, crown damage,
impacts to surface roots, and cambial damage. In general, the
amount of crown damage required to kill saplings (P(m) ≥ 0.5)
decreased as GC severity (Fig. 4) or BC severity (data not shown)
increased. Mortality of smaller DBH saplings required lower
values of crown damage and GC severity (Fig. 4) or BC severity
(data not shown) than larger-diameter saplings. Furthermore,
the type of crown damage (i.e. crown scorch or crown con-
sumption) was an important factor to consider when predicting
mortality because higher levels of crown consumption resulted
in increased mortality. This mortality increased as GC severity
(Fig. 4) or BC severity (data not shown) increased, with lower
amounts of crown consumption required to predict mortality.

Using the fire behavior data from the Buffalo prescribed burn,
we developed two separate models that predicted sapling mor-
tality based on observed flame length and either sapling DBH
or height. Both the DBH and height model had an ROC value of
0.87 and accuracies that exceeded 83% (Table 6). The P(m) of
saplings increased with flame length, with longer flame lengths
required to kill larger-diameter or taller saplings (Fig. 3b, c).

Predicted flame lengths for the other fires (Bullock, Horse
Nugget, Lafferty Gulch, and Rankin Tower) ranged from 0.20 to
5.0 m and observed mortality increased with predicted flame
length (Fig. 5). No sapling mortality was observed at flame
lengths <0.40 m. Observed mortality in saplings >2.5 cm DBH
exceeded 50% with flame lengths >0.80 m tall (Fig. 5), but for
the >5.0-cm DBH saplings, flame lengths of 2.0 m were needed
for any appreciable mortality (Fig. 5).

External model validation
The sapling fire-damage mortality models performed well when
the observed mortality Buffalo burn dataset was used. Of the 564
trees observed, 13% were dead after the first growing season.
Using a P(m) value of 0.5, Model 1 (Table 6), which included
BC severity, correctly classified 87% of the trees. The model
correctly predicted 62% of the dead trees and 90% of the live
trees. Model 2, which included GC severity, correctly classified
89% of the trees. The model correctly predicted 60% of the dead
trees and 93% of the live trees.

Discussion

Logistic regression analysis indicated that tree size (height or
DBH), crown damage, GC severity, and BC severity were all
important factors in predicting mortality. Model accuracy was
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Fig. 2. Estimated mortality (P(m)) of ponderosa pine seedlings (<137 cm tall) predicted by crown volume damage, ground char severity,
and basal char severity (Model 1, Table 5). Figures depict several combinations: (a and b) unburned ground char with (a) 0 to 25% basal
char severity and (b) >75% basal char severity; (c and d) light ground char with (c) 0 to 25% basal char severity and (d) >75% basal
char severity; (e and f) moderate ground char with (e) 0 to 25% basal char severity and (f) >75% basal char severity; (g and h) consumed
ground char with (g) 0 to 25% basal char severity and (h) >75% basal char severity. Mortality was extrapolated for moderate ground char
from crown volume damaged (CVD) 0 to 25% and consumed ground char from CVD 0 to 80%.
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Fig. 3. Estimated mortality (P(m)) of (a) ponderosa pine seedlings
(<137 cm tall) and (b) saplings (0.25- to 10-cm diameter at breast height,
DBH) predicted by flame length and height (Model 2, Table 5; Model 4,
Table 6) or DBH (Model 3, Table 6). Mortality was extrapolated for flame
lengths exceeding 1.4 m for the sapling model.

highest with the inclusion of at least three of these variables, sug-
gesting that small tree mortality is a result of multiple injuries.
Burn unit was not significant in any of the fire-damage models
and the models performed well on an additional burn unit not
used for model development, indicating that these models are
applicable throughout the Black Hills region. Understanding the
mechanisms that promote fire-induced mortality in ponderosa
pine regeneration will allow managers to more effectively plan T
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Fig. 4. Estimated mortality of ponderosa pine saplings predicted by crown volume scorch, crown volume consumption, and ground char
severity (Model 2, Table 6). Figures depict several combinations: (a and b) 2.5-cm diameter at breast height (DBH) saplings with (a) light
and (b) consumed ground char severity; (c and d) 5 cm DBH saplings with (c) light and (d) consumed ground char severity; (e and f) 7.5-cm
DBH saplings with (e) light and (f) consumed ground char severity; (g and h) 10-cm DBH saplings with (g) light and (h) consumed ground
char severity.



Predicting mortality of ponderosa pine regeneration Int. J. Wildland Fire 187

Predicted flame length (m)
0.20 to 0.40

0.40 to 0.80

0.80 to 1.2

1.2 to 1.6

1.6 to 2.0

2.0 to 3.0

3.0 to 4.0

4.0 to 5.0

O
bs

er
ve

d 
m

or
ta

lit
y 

(%
)

0

10

20

30

40

50

60

70

80

90

100
0.25 to 2.5 cm DBH
2.5 to 5 cm DBH
5 to 7.5 cm DBH
7.5 to 10 cm DBH

Fig. 5. Observed mortality of ponderosa pine saplings across several pre-
scribed fires within the Black Hills of South Dakota. Flame lengths were
predicted from average bole scorch heights on each plot.

prescribed fires and assess their success in meeting burn plan
objectives.

Our survey of several prescribed fires and one dormant-
season wildfire across the Black Hills indicates that dormant-
season low-severity fire can be used to control ponderosa pine
regeneration density without killing the overstorey. Under pre-
scribed burning conditions, observed mortality was >90% for
ponderosa pine seedlings <76 cm tall, but was only 50–60%
for seedlings 76 to 137 cm tall (Fig. 1a). Sapling mortality was
decreased substantially as DBH increased, with only 18% of
7.5 to 10-cm DBH saplings succumbing to fire (Fig. 1b). These
differences in mortality among the seedling- and sapling-sized
trees indicate that the timing of prescribed fire return inter-
vals is important if managers have specific mortality or survival
objectives (Battaglia et al. 2008).

The significance of ponderosa pine tree size in predict-
ing the probability of fire-induced mortality in seedlings and
saplings in our study was not surprising as many studies have
reported a decrease in mortality with an increase in large tree
diameter (Wyant et al. 1986; Harrington 1987, 1993; Saveland
and Neuenschwander 1990; Regelbrugge and Conrad 1993;
Stephens and Finney 2002; McHugh and Kolb 2003; Keyser
et al. 2006; Sieg et al. 2006). Our results extend these relation-
ships to seedling- and sapling-sized trees. A small tree’s size
influences the susceptibility of foliage, cambium, and roots to
fire damage. In prescribed fires, where flame lengths are often
up to 1.5 m tall, seedling foliage is highly susceptible to igni-
tion. Saplings, with live crowns within the maximum range of
prescribed flame lengths, are at less risk for crown consump-
tion, but still have foliage highly susceptible to crown scorch.
Smaller trees have thinner bark, which influences cambial heat
resistance and increases susceptibility to girdling (van Mantgem
and Schwartz 2003). A significant amount of fine root biomass
is located in the upper 10 cm of the mineral soil (van Haverbeke
1963; Dumm 2003; Smith et al. 2004; Hart et al. 2005). This
increases the susceptibility of seedlings and saplings to root
damage during fire and subsequent mortality.

The seedling–flame length mortality model indicated that
shorter seedlings are more susceptible to shorter flames, but
as flames increase in length, seedling height is less of a fac-
tor. For instance, mortality of seedlings less than 60 cm tall
was associated with flames less than 5 cm long, but mortality
of taller seedlings (107 to 137 cm) required flame lengths of
∼45 cm (Fig. 3a). On average, observed flame lengths during
the Medicine prescribed burn were at least 15 to 30 cm long.
These flame lengths resulted in torching fire behavior within the
smaller seedling sizes, resulting in high levels of crown scorch
and consumption, and subsequently higher mortality rates. How-
ever, the lower mortality observed in the taller seedlings and
sapling-sized regeneration suggests that a combination of crown
damage due to convective heat and other fire-related damage
agents (Tables 5 and 6) are required when flame lengths are
short. In fact, some taller seedlings and saplings survived after
experiencing 100% crown scorch when GC or BC was low
(Figs 2a and 4). Other studies also note this potential for pon-
derosa pine to recover from high levels of crown scorch (Wagener
1961; Harrington 1993; Hood et al. 2007), which highlights this
species’ tolerance to surface fire.

The sapling flame length–mortality models predicted flames
exceeding 1 m in length were needed to kill sapling-sized pon-
derosa pine regeneration. On average, flame lengths during the
Buffalo burn used to build the model did not exceed 1.4 m,
so mortality predictions above that level were extrapolated.
However, these extrapolated predictions appear to agree with
the sapling mortality observed on the Bullock, Horse Nugget,
Lafferty Gulch, and Rankin Tower prescribed burns, where we
predicted flame lengths based on bole scorch height (Fig. 5).

Users of the flame length–mortality models should keep in
mind that we utilized the average observed flame lengths to
develop these models. In general, flame lengths can be quite
variable over very small scales (e.g. individual trees) for many
reasons. For example, herbaceous fuels and surface woody fuels
are often not uniformly distributed and can result in a sudden
change in flame length. Wind speed reduction due to increased
tree density can reduce expected flame lengths. The presence of
ladder fuels can increase flame lengths if the crown base height is
low enough to ignite. This variability in flame lengths can there-
fore impact the predicted probability of mortality and should be
taken into account when planning specific flame lengths to meet
survival or mortality objectives.

As the sapling live crown reaches heights beyond the reach
of direct flames, heat damage to the cambial tissue from flam-
ing and smouldering combustion combined with crown injury
became an important predictive variable in the present study,
similarly to the results of larger tree diameter studies (Wyant
et al. 1986; Stephens and Finney 2002; McHugh and Kolb 2003;
van Mantgem and Schwartz 2004; Keyser et al. 2006;Thies et al.
2006; Hood et al. 2007). Cambial damage in conjunction with
crown damage disrupts photosynthesis and water and nutrient
uptake, making it harder for a tree to recover. Our fire-damage
models support the hypothesis put forth by van Mantgem and
Schwartz (2004) that the additive effect of damage to different
tree organs results in tree death.

Measures of GC severity or fuel consumption in conjunc-
tion with other damage variables (crown and cambial damage)
have been shown to enhance prediction of mortality in ponderosa
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pine trees >5 cm DBH in some studies (Swezy and Agee 1991;
Stephens and Finney 2002; Sieg et al. 2006) but not in others
(McHugh and Kolb 2003; Thies et al. 2006). In both the seedling
and sapling mortality models of our study, ground char severity
was an important factor in conjunction with other damage vari-
ables in predicting mortality (Tables 5 and 6), another supporting
fact for the multiple-injury hypothesis. Seedlings in our study
with no GC had low predicted mortality, unless a substantial
amount of the crown was damaged (Fig. 2a). However, as GC
severity increased, less crown damage was required to increase
mortality levels (Fig. 2c, e, g). Sapling mortality also increased
with an increase in GC severity, but it required even greater
amounts of crown damage, in the form of crown consumption,
to increase the probability of mortality substantially, especially
as DBH increased (Fig. 4).

Differences in seedling and sapling response to ground char
severity may be a function of biomass allocation to roots. Ground
char severity is a surrogate measure of duff consumption and sub-
sequent fine root mortality (Ryan and Noste 1985; Swezy and
Agee 1991). Ponderosa pine seedlings allocate over 50% of their
biomass to roots whereas saplings only allocate ∼11% (Grunkle
and Retzlaff 2001). Most of the fine root biomass is located in
the upper 10 cm of the mineral soil (van Haverbeke 1963; Dumm
2003; Smith et al. 2004; Hart et al. 2005) and it is at this depth
that fine-root and associated mycorrhizae biomass significantly
decrease after low-intensity prescribed fires (Swezy and Agee
1991; Dumm 2003; Smith et al. 2004; Hart et al. 2005).The com-
bination of crown damage and some root mortality was enough to
impact the seedlings’water and nutrient uptake ability. However,
it took greater amounts of GC to impact the saplings (Fig. 4).

We found that GC and BC severity were highly correlated
in the sapling observations, but not for the seedlings when GC
severity was combined with the other damage variables.This dis-
crepancy in correlation between seedlings and saplings is likely
a result of the fuel bed. Seedlings were often found in open gaps
within the forest matrix or under low-density overstoreys. These
environments typically have a herbaceous fuel bed (Shepperd
and Battaglia 2002; Battaglia 2007). In contrast, saplings were
found under a gradient of overstorey conditions with fuel beds
that ranged from herbaceous fuels to needle litter and woody
surface fuels. In areas with a herbaceous fuel bed, fires would
move quickly with lower impacts on the surface, shorter flame
lengths, and little residual heating from smouldering combustion
while still scorching the bole. In contrast, in areas with a needle
and woody fuel bed, fires would move more slowly and have an
impact on the ground and the bole simultaneously through taller
flame lengths and smouldering combustion.

Current mortality models for small- and large-diameter trees
used in fire behavior and effects models do not include cambial
or GC damage. The inclusion of these variables should be incor-
porated into mortality models to improve post-fire mortality
predictions. Better predictive potential would provide man-
agers with the needed science-based information for planning
prescribed burns and post-fire management decisions.

Conclusions

Sustaining fuel reduction treatments in the Black Hills will
require the control of ponderosa pine regeneration densities.

Because mechanical thinning of small trees is not economical in
the Black Hills, there is interest in using prescribed fire to main-
tain low regeneration densities. Traditionally, prescribed burn
plans are written with the goal of limiting mortality to the regen-
eration and overstorey. However, control of small trees while
limiting mortality of larger trees will be required to maintain fuel
treatment effectiveness over time. Fire managers are looking for
ways to achieve this goal.

The models developed in the present study will aid man-
agers in the planning of prescribed burns. Our models relate
flame length and seedling and sapling height or DBH to
mortality, thereby providing managers with benchmark flame
lengths needed to kill ponderosa pine seedlings and small-
diameter saplings. Incorporating these models into fire behavior
and effects software programs, such as Behave-Plus, the Fire
and Fuels Extension to the Forest Vegetation Simulator (FFE-
FVS), and the First Order Fire Effects Model (FOFEM ),
commonly used by managers to evaluate fuel treatment alter-
natives (Reinhardt et al. 1997; Andrews et al. 2003; Reinhardt
and Crookston 2003) would be useful to managers.

The differences in mortality thresholds for ponderosa pine
seedlings and saplings highlight their susceptibility to differ-
ent damage pathways and give managers several options when
designing burn prescriptions. Seedlings are more susceptible to
ground and basal char at lower levels of crown damage than
saplings. Seedling mortality can therefore be achieved with a
fast-moving, low-intensity fire that inflicts elevated damage to
the crown, but light damage to the cambium and ground.Alterna-
tively, slow-moving fire that results in moderate levels of crown
damage and moderate to high damage to the ground and cam-
bium can achieve the same effect. To achieve sapling mortality,
some crown consumption is needed (Fig. 4).This requires flames
long enough to climb into the sapling crowns. If tall flame lengths
are not possible, then high levels of ground and cambium dam-
age will be needed to compensate for lower levels of crown
consumption. This is possible if managers burn under drier con-
ditions to allow larger-diameter (>7.62 cm) fuels to contribute
to fire intensity. Alternatively, managers can add more activity
fuels to create a more intense fire in order to use fire as a tool to
reduce ponderosa pine sapling densities.

Managers face a dilemma when using prescribed fire as a
tool to kill ponderosa pine saplings. The amount of damage and
associated fire behavior required to successful kill a sapling-
sized ponderosa pine can also result in undesirable fire effects
for the overstorey trees.There is a danger of the fire being carried
into the overstorey canopy and escaping or high cambium dam-
age, both resulting in overstorey mortality. This risk highlights
the importance of burning when regeneration is seedling-sized,
rather than waiting until sapling-sized trees are present.
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