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Many recent wildfires in ponderosa pine (Pinus ponderosa Lawson & C. Lawson) – dominated forests of the
western United States have burned more severely than historical ones, generating concern about forest
resilience. This concern stems from uncertainty about the ability of ponderosa pine and other
co-occurring conifers to regenerate in areas where no surviving trees remain. We collected post-fire
conifer regeneration and other data within and surrounding five 11–18 year-old Colorado Front Range
wildfires to examine whether high severity burn areas (i.e., areas without surviving trees) are regenerat-
ing, and how regeneration density is related to abiotic and biotic factors such as distance from surviving
forest, elevation, and aspect. We found that some conifer regeneration has occurred in high severity burn
areas (mean and median of 118 and 0 stems ha�1, respectively), but at densities that were considerably
lower than those in unburned and in low to moderate severity burn areas. Generalized estimating
equation analyses revealed that distance from surviving forest was the most important predictor of
conifer regeneration in high severity burn areas, with regeneration declining as distance from surviving
forest increased; estimates of conifer regeneration were 211 stems ha�1 immediately adjacent to surviv-
ing forest but only 10 stems ha�1 200 m from surviving forest. These analyses also revealed that conifer
regeneration densities declined as elevation decreased. Regression tree analyses likewise showed that
distance from surviving forest and elevation were important predictors of conifer regeneration in high
severity burn areas; within 50 m of surviving forest mean (median) regeneration was 150 (0) stems ha�1

at elevations 62490 m and 1120 (1000) stems ha�1 at elevations >2490 m, but at distances P50 m from
surviving forest mean (median) regeneration was only 49 (0) stems ha�1, regardless of elevation.
Applying regression tree results spatially to the 2002 Hayman Fire, Colorado’s largest and most severe
known wildfire, we found that 70% of the area without surviving forest exceeded this 50 m threshold.
These patterns of conifer regeneration suggest that Colorado Front Range ponderosa pine – dominated
forests may not be resilient to high severity wildfire, particularly where surviving forest is not in close
proximity. We recommend that land managers consider planting conifers within the interiors of large
high severity burn patches, as well as implementing treatments to reduce the risk of uncharacteristic
high severity wildfire in unburned forests, where maintaining a forested condition is desired.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Wildfire has long been an important and complex disturbance
agent in ponderosa pine (Pinus ponderosa Lawson & C. Lawson) –
dominated forests of the western United States. Studies conducted
across the range of ponderosa pine have documented that
historical fire regimes varied from frequent, low severity regimes,
where high severity fire was but a minor component (Fisher
et al., 1987; Baisan and Swetnam, 1990; Fulé et al., 1997; Everett
et al., 2000; Scholl and Taylor, 2010; Brown et al., 2015), to mixed
severity regimes, where high severity fire played a more substan-
tial role (Brown et al., 1999, 2008; Veblen et al., 2000; Hessburg
et al., 2007; Williams and Baker, 2012; Sherriff et al., 2014).
However, many recent fires have burned with high severity across
large, contiguous areas, resulting in vast expanses with no
overstory tree survivorship, and the amount and extent of high
severity burning in these fires commonly exceeds that of historical
ones (Goforth and Minnich, 2008; Haire and McGarigal, 2010;
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O’Connor et al., 2014; Sherriff et al., 2014; Guiterman et al., 2015;
Harris and Taylor, 2015; P.J. Fornwalt, unpublished data). This
trend of more severe fire effects is thought to be the result of
increased forest density and homogeneity due to fire suppression,
livestock grazing, and logging activities since Euro-American set-
tlement (Goforth and Minnich, 2008; O’Connor et al., 2014;
Guiterman et al., 2015; Harris and Taylor, 2015), as well as of
factors associated with changing climate (Westerling et al., 2006).

The life history traits of ponderosa pine and co-occurring
conifers (e.g., Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco))
present several challenges for the regeneration of ponderosa pine
- dominated forests following uncharacteristically severe burning,
making the resilience of these forests to recent fires unclear.
Although ponderosa pine is well-adapted to survive low severity
fire, it does not sprout, it has non-serotinous cones, and it has seeds
that are short-lived in the soil seed bank (Oliver and Ryker, 1990;
Bai et al., 2004), meaning that post-fire regeneration following high
severity fire depends on seed production from surviving trees in
adjacent areas. Furthermore, its relatively heavy seeds generally
do not disperse more than two tree heights away from parent trees
(Barrett, 1966; McDonald, 1980; Johansen and Latta, 2003),
suggesting that they may not be able to readily disseminate into
the interiors of high severity burn patches, particularly those that
are large. Indeed, several studies conducted in severely burned
ponderosa pine - dominated forests have found little or no tree
regeneration, except sometimes near surviving trees (Fig. 1;
Bonnet et al., 2005; Keyser et al., 2008; Roccaforte et al., 2012;
Collins and Roller, 2013). Douglas-fir also relies on seed production
Fig. 1. Photos illustrating varying post-fire regeneration conditions in the 1996
Buffalo Creek Fire, Colorado, USA, 18 years after burning; (a) depicts high severity
area in the central portion of the fire with ample conifer regeneration near surviving
trees, and (b) depicts a high severity area in the eastern portion of the fire with no
obvious conifer regeneration.
from surviving trees to regenerate following high severity fire,
although it may be able to more effectively regenerate in the
interiors of high severity burn patches because its relatively light
seeds can disperse further than those of ponderosa pine (Herman
and Lavender, 1990).

Other abiotic and biotic factors, such as aspect, elevation, and
understory vegetation, may further limit the ability of ponderosa
pine and co-occurring conifers to establish in high severity burn
portions of recent fires. Ponderosa pine and Douglas-fir have been
observed to have lower rates of post-fire regeneration on south-
facing slopes compared to north-facing slopes (Rother, 2015).
South-facing slopes receive more solar radiation than north-
facing slopes during the hot afternoon hours, creating higher
temperatures and higher evaporative demand. Similarly, lower
elevations have also been shown to pose greater challenges for
post-fire regeneration than higher elevations, owing to higher
temperatures, lower precipitation, and higher evaporative demand
(Dodson and Root, 2013; Rother, 2015). A warming or drying trend
in future climate may further exacerbate conditions unfavorable
for tree regeneration (IPCC, 2013; Lukas et al., 2014; Rother et al.,
2015; Petrie et al., 2016). A dense layer of understory vegetation
may also negatively impact post-fire regeneration due to competi-
tion (Bonnet et al., 2005; Collins and Roller, 2013; but see Kemp
et al., 2016).

In ponderosa pine – dominated forests of the Colorado Front
Range, historical fires often contained a high severity component
(Brown et al., 1999; Veblen et al., 2000; Williams and Baker,
2012; Sherriff et al., 2014), yet many recent fires are thought to
have more and larger high severity burn patches than historical
ones (Sherriff et al., 2014; P.J. Fornwalt, unpublished data), paral-
leling trends observed across the west. Thus there is uncertainty
about whether sufficient post-fire conifer regeneration in high
severity burn patches will make these forests resilient to recent
fires, or whether a lack of regeneration will cause them to convert
to another vegetation type, such as grassland or shrubland. Our
overall objective was to evaluate whether ponderosa pine and
other conifers were regenerating in high severity burn patches of
recent Colorado Front Range wildfires, and to relate regeneration
density to potential abiotic and biotic drivers. Specifically, we
aimed to: (1) quantify conifer regeneration in high severity burn
areas and compare these values to those for unburned and low
to moderate severity burn areas; (2) investigate the relationship
between regeneration density in high severity burn areas and
distance from surviving forest; (3) investigate how other biotic
and abiotic factors relate to regeneration density in high severity
burn areas; and given knowledge gained from addressing these
three objectives, (4) develop a predictive map of regeneration
density within high severity burn patches of the 2002 Hayman Fire,
the largest and most severe wildfire known to have occurred in
Colorado.
2. Methods

2.1. Study area

This study was conducted in a �40 km wide by �170 km long
band of montane forest in the Colorado Front Range, USA (Fig. 2).
At lower elevations (�1600–2200 m), forests are generally charac-
terized by relatively open stands of ponderosa pine on south slopes
and denser stands of ponderosa pine and Douglas-fir on north
slopes; some Rocky Mountain juniper (Juniperus scopulorum Sarg.)
can also be found (Peet, 1981; Kaufmann et al., 2000). At higher
elevations (�2200–2800 m), stands of ponderosa pine and
Douglas-fir can also contain quaking aspen (Populus tremuloides
Michx.), blue spruce (Picea pungens Engelm.), and lodgepole pine



Fig. 2. Map of the five sampled wildfires in the Colorado Front Range, USA. The distribution of ponderosa pine – dominated forest was taken from LANDFIRE (2012) and fire
perimeters and high severity burn patches were taken from MTBS (2014). Note that the MTBS high severity category does not necessarily represent 100% overstory tree
mortality (our definition of high severity fire) and is shown for general insight only.
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(Pinus contorta Douglas ex Loudon), with density increasing and
the latter three species becoming more common as elevation
increases and as aspect becomes more northerly. Understory plant
communities throughout the study area tend to be diverse and
dominated by graminoids and forbs (e.g., common yarrow (Achillea
millefollium L.), white sagebrush (Artemisia ludoviciana Nutt.), Ross’
sedge (Carex rossii Boott), mountain muhly (Muhlenbergia montana
(Nutt.) Hitchc.), Peet, 1981; Fornwalt et al., 2009). Relatively
short-statured shrubs are often also present (e.g., kinnikinnick
(Arctostaphylos uva-ursi (L.) Spreng.), alderleaf mountain maho-
gany (Cercocarpus montanus Raf.)). Mean annual precipitation and
temperature in representative urban areas within the study area
average 44 cm yr�1 and 9.5 �C for Lyons (�1600 m), 51 cm yr�1

and 8.5 �C for Morrison (�1800 m), 44 cm yr�1 and 6.3 �C for Estes
Park (�2300 m), and 63 cm yr�1 and 4.6 �C for Woodland Park
(�2600 m; PRISM, 2014).

2.2. Data collection

Data collection occurred in 2014, within and surrounding five
large (>1000 ha) 11–18 year-old wildfires: the 2000 Bobcat Gulch
Fire, the 1996 Buffalo Creek Fire, the 2002 Hayman Fire, the 2000
High Meadows Fire, and the 2003 Overland Fire (Table 1; Fig. 2).
Fires that were >10 years old were specifically chosen to allow
sufficient time for tree regeneration to occur, as it can be episodic
(Shepperd et al., 2006).

We established 42 transects across the five fires. Transect locations
were determined by first utilizing ArcGIS 10.1 (ESRI, Redlands,



Table 1
Characteristics of the five sampled wildfires, Colorado, USA. Ownership indicates the primary public land management agencies impacted by the fires, and where sampling
occurred. Fire areas and burn severity percentages are from MTBS (2014); note that the MTBS high severity category does not necessarily represent 100% overstory tree mortality
(our definition of high severity fire) and is included only to provide general insight each fire’s amount of high severity burning.

Fire name
(year burned)

Ownership Fire area
(ha)

Elevation range
(m)

Low severity
(% of fire area)

Moderate severity
(% of fire area)

High severity
(% of fire area)

Number of
transects

Bobcat Gulch (2000) Roosevelt National Forest;
City of Fort Collins

3695 1690–2550 48 22 30 10

Buffalo Creek (1996) Pike National Forest 3964 1900–2360 42 21 37 10
Hayman (2002) Pike National Forest 52,353 2000–3230 34 22 43 10
High Meadows (2000) Pike National Forest 3888 2090–2630 60 31 8 7
Overland (2003) Roosevelt National Forest;

Boulder County
1308 1770–2610 40 21 34 5
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California, USA), along with Monitoring Trends in Burn Severity
(MTBS) layers of fire severity (MTBS, 2014), the ArcGIS aerial ima-
gery base layer, other layers (e.g., land ownership layers, post-fire
management activity layers; Pike National Forest and Roosevelt
National Forest unpublished data), and our personal knowledge
of the fires, to identify study sites within which to place one tran-
sect. Sites were a minimum of 10 ha in size. The number of sites
per fire was dictated by the availability of locations that met the
following four criteria, up to a maximum of ten sites. First, sites
needed to contain both surviving forest and an adjacent high sever-
ity burn patch (or a portion of a patch) where all trees appeared to
have been killed. The high severity burn patch needed to measure
at least 300 m wide on all sides so that it could house a transect as
described below. Second, pre-fire forests at the sites needed to
have been dominated or co-dominated by ponderosa pine. Third,
sites needed to exclude private land and inaccessible terrain.
Fourth, sites needed to have not experienced post-fire tree planting
and salvage logging activities. Post-fire tree planting was con-
ducted in portions of the Buffalo Creek, Hayman and High
Meadows Fires, and post-fire salvage logging was conducted in
portions of the Hayman and High Meadows Fires. We estimate that
planting and logging activities, which were largely restricted to
areas near roads, impacted <10% of the high severity burn area in
these fires. Next, points were generated in ArcGIS along the surviv-
ing forest edge at each site, and one point was randomly selected.
Then, in the field we verified that the four site selection criteria
were being met, and we established a transect through the random
point. The transect originated 50 m inside the surviving forest in
the low to moderate severity burn patch and extended out into
the high severity burn patch 150–250 m. When placing the tran-
sect within the high severity burn patch, we were careful to ensure
that the distance along it equaled the distance to the surviving
forest fromwhich it originated. We were also careful to ensure that
other surviving trees (e.g., trees that had not been apparent in the
aerial imagery, trees along another surviving forest edge) were at
least as far away from the transect as the originating surviving
forest. Distances were verified with a hand-held long-distance
rangefinder as necessary.

We established circular 100 m2 (5.67 m radius) plots at 50 m
intervals along the 42 transects, with an additional plot in the high
severity burn patch at 25 m from the surviving forest edge to
intensify sampling near living trees. The transects contained a total
of 305 plots, with 42 in low to moderate severity burn areas and
263 in high severity burn areas. We also located circular 100 m2

plots in unburned areas outside of each fire, as close to the
transects as possible. To locate these plots, we identified sites in
ArcGIS that were at least 10 ha in size and that met criteria two
and three above, and we randomly located the plot within it. At
least three unburned plots were established for each fire; a total
of 21 unburned plots were established across all five fires.

Within each 100 m2 plot, we recorded the height and species of
all live post-fire regenerating trees P5 cm tall. If we were
uncertain about whether a tree regenerated post-fire, we
estimated its age by whorl counting (Urza and Sibold, 2013). We
measured topographic attributes of the plot, including elevation,
slope, and aspect. We also reconstructed pre-fire stand structure,
recording live or dead status, species, and diameter at breast height
(DBH) for all pre-fire trees P4 cm DBH. Within each 100 m2 plot,
we established four 2 m2 subplots between 2.5 and 4.5 m from
the plot center in each cardinal direction, and within these, we
made ocular cover estimates of graminoids, forbs, shrubs, fine
(<7.6 cm diameter) wood, coarse (P7.6 cm diameter) wood, and
other ground cover variables. The cover of each variable was
estimated to the nearest 1% if it was 620% or P80%, and to the
nearest 5% otherwise.

2.3. Data analysis

We used a mixed model analysis of variance in SAS 9.4 (PROC
GLIMMIX; SAS Institute Inc., Cary, North Carolina, USA) to examine
tree regeneration density in high severity burn areas relative to
areas that were unburned and that burned with low to moderate
severity. We examined three regeneration categories: (1) all coni-
fers, which included ponderosa pine, Douglas-fir, Rocky Mountain
juniper, blue spruce, and lodgepole pine, (2) ponderosa pine, and
(3) Douglas-fir. Other conifer species were not abundant enough
to analyze individually. Aspen regeneration was also rarely
encountered and was not included in these or other analyses.
Models used a Poisson distribution, and incorporated transect as
a random effect. Pairwise differences between severity classes
were determined using least squares means with a Tukey-
Kramer adjustment. Statistical significance in these and all other
analyses was assessed with an a = 0.050.

We examined the influence of a suite of biotic and abiotic
explanatory variables on tree regeneration densities in areas with
high severity fire effects using two complementary analytical
approaches. First, we used a generalized estimating equation
approach in SAS (PROC GENMOD; Liang and Zeger, 1986), model-
ing all explanatory variables against the regeneration densities of
all conifers, ponderosa pine, and Douglas-fir. This analytical
approach allowed us to examine the continuous influence of an
explanatory variable on the response variable while accounting
for other explanatory variables, thereby enabling us to gain
nuanced ecological insights into the possible factors governing
conifer regeneration following high severity fire. To account for
the potential lack of independence among plots on the same
transect, transect was included in the models as a repeated mea-
sures subject with a compound symmetry correlation structure.
Second, we examined the influence of explanatory variables
on the regeneration density of all conifers, ponderosa pine, and
Douglas-fir using non-parametric regression trees. Regression tree
analyses are useful because they can handle complex relationships
between explanatory variables and the response variable. Regres-
sion tree analyses can also identify explanatory variable threshold
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values, which can be easily interpreted and utilized by managers as
part of post-fire decision-making processes. Regression tree analy-
ses were conducted in R 2.14.12 (R Core Team, 2014) using the
CTREE function of the PARTY package (Breiman et al., 1984;
Hothorn et al., 2006). We calculated an overall r2 for our regression
trees as 1 � (variance of the residuals/total variance).

Field-measured biotic and abiotic explanatory variables for the
two analytical approaches described above included pre-fire stand
basal area, understory vegetation cover (the sum of graminoid,
forb, and shrub cover), distance from surviving forest, elevation,
slope, aspect (defined as degrees from southwest), and fine and
coarse wood cover. Derived variables included 30 year average
Fig. 3. Frequency distributions of post-fire tree regeneration density, by species, in
(a) unburned plots, (b) low to moderate severity burn plots, and (c) high severity
burn plots. Regeneration density values on the x-axis are the upper bounds of the bin.

Fig. 4. Box-and-whisker diagrams depicting post-fire tree regeneration density (stems h
density is reported along the x-axis. For each species group, fire severity classes that sh
annual precipitation (PRISM, 2014), soil productivity index
(FHTET, 2015), drainage index (FHTET, 2015), topographic wetness
index, and annual solar radiation. Topographic wetness index, an
index of water availability that incorporates the slope of a plot
and the upslope area draining to that plot (Beven and Kirkby,
1979), was calculated in ArcGIS using 10 m resolution digital
elevation models and several hydrology tools (NRCS, 2015). Annual
solar radiation was calculated in ArcGIS using 10 m resolution
digital elevation models and the points solar radiation tool
(NRCS, 2015).

We used regression tree results to develop a predictive map of
conifer regeneration density in high severity burn patches within
the Hayman Fire. Elevation and distance from surviving forest were
the significant predictors of conifer regeneration in the regression
tree analysis (described in more detail below). The Hayman Fire
perimeter layer was taken from MTBS (2014). The elevation layer
was derived from a 10 m resolution digital elevation model
(NRCS, 2015). The distance from surviving forest layer was derived
from post-fire aerial imagery (1 m resolution 2013 National
Agriculture Imagery Program (NAIP) imagery; NAIP, 2015). The
distance from surviving forest layer was created by first creating
a layer of surviving forest. This was accomplished by performing
a supervised classification of the imagery with the maximum like-
lihood classification tool in ArcGIS. The resulting layer was then
converted to a polygon layer and all surviving forest polygons
within 20 m were aggregated and any holes less than 50 m2 were
dissolved. The entire surviving forest polygon layer was edited to
omit unforested areas and to contain all tree canopies. Surviving
forest polygons were edited until a 90% kappa was obtained.
Accuracy of the surviving forest layer was assessed on two
occasions with two different validation datasets. Within each
dataset we classified 1000 random points as forested or unforested
based on the NAIP imagery and compared these points to the
surviving forest layer; the final surviving forest layer was
determined to be 95% accurate with a commission error of 4%.
The high severity burn layer was also derived from the surviving
forest layer, as its inverse. This layer was used to define the predic-
tion area within the Hayman Fire, and assumes that post-fire
unforested areas were previously forested and burned with high
severity fire.
3. Results

We documented 734 post-fire regenerating conifers in our
326100m2 plots, with ponderosa pine (69%) and Douglas-fir (28%)
a�1) by severity class and species groups. The mean (±1 standard error of the mean)
are letters were not significantly different (a = 0.050).



Table 2
Generalized estimating equation results of post-fire tree regeneration density in high severity plots, by species. Significant (a = 0.050) variables are highlighted in bold. The plot-
level range of observed values for each variable is also shown.

Variable Range All conifers Ponderosa pine Douglas-fir

Distance from surviving forest (m) 0–250 <0.001 <0.001 0.234
Elevation (m) 1733–2728 <0.001 0.002 0.009
Slope (�) 2–60 0.506 0.250 0.492
Aspect (� from southwest) 0–180 0.277 0.545 0.599
Precipitation (mm yr�1) 409–587 0.526 0.317 0.185
Pre-fire stand basal area (m2 ha�1) 0–61 0.289 0.421 0.210
Coarse wood (% cover) 0–34 0.332 0.121 0.351
Fine wood (% cover) 0–27 0.767 0.854 0.108
Understory vegetation (% cover) 3–100 0.492 0.462 0.031
Productivity index 0–16 0.525 0.832 0.177
Drainage index 7–93 0.396 0.550 0.931
Topographic wetness index 3–10 0.521 0.665 0.733
Solar radiation (MJ m�2 yr�1) 3279–6378 0.655 0.974 0.427
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dominating. Regeneration density across the plots was highly vari-
able, but was nonetheless related to fire severity (Figs. 3 and 4).
Some conifer regeneration was found in high severity burn areas,
with a mean density of 118 stems ha�1 and a median density of
0 stems ha�1, but unburned and low to moderate severity burn
areas had considerably more. Likewise, ponderosa pine and
Douglas-fir regeneration densities were also higher in both
unburned and low to moderate severity burn areas compared to
high severity burn areas. Conifer regeneration in high severity burn
areas was concentrated in only 25% of the plots; 75% of plots had
no conifer regeneration. In contrast, 40% of plots in low to moder-
ate severity burn areas and 30% of plots in unburned areas lacked
post-fire conifer regeneration.

Generalized estimating equation analyses revealed that post-
fire conifer and ponderosa pine regeneration densities in areas
Fig. 5. Estimated (and 95% confidence interval (CI)) post-fire tree regeneration
density in high severity plots as a function of distance from surviving forest, for (a)
all conifers, (b) ponderosa pine, and (c) Douglas-fir.
burned by high severity fire declined as distance from surviving
forest increased, but Douglas-fir density did not (Table 2, Fig. 5).
Conifer and ponderosa pine regeneration densities immediately
adjacent to surviving forest were estimated to be 211 and
167 stems ha�1, respectively. At 50 m from surviving forest, conifer
and ponderosa pine regeneration density estimates declined by
more than half, to 96 and 67 stems ha�1, respectively. Conifer
and ponderosa pine regeneration densities were estimated to be
only 10 and 5 stems ha�1, respectively, in areas 200 m from
surviving forest.

Generalized estimating equation analyses further identified
other significant predictors of post-fire conifer, ponderosa pine,
and Douglas-fir regeneration densities in high severity burn areas
(Table 2; Figs. 6 and 7). Elevation was correlated with regeneration
density for all three species groups, with densities increasing with
increasing elevation. At 2200 m elevation, regeneration densities
were estimated to be 33, 21, and 1 stems ha�1 for all conifers, pon-
derosa pine, and Douglas-fir, respectively. At 2400 m elevation,
estimated densities were 85, 51, and 7 stems ha�1 for all conifers,
ponderosa pine, and Douglas-fir, respectively, and at 2600 m,
estimated densities were 217, 124, and 34 stems ha�1, respec-
tively. Understory vegetation cover was also correlated with
Douglas-fir regeneration density, with higher levels of cover
fostering more regeneration; understory vegetation cover was
not correlated with conifer or ponderosa pine regeneration density.

Regression tree analyses likewise identified distance from sur-
viving forest and elevation as significant predictors of conifer and
ponderosa pine regeneration density in high severity burn areas,
while no significant predictors were identified for Douglas-fir
(Fig. 8). Distance from surviving forest was the first and most
significant predictor of both conifer and ponderosa pine regenera-
tion density. At distances P50 m from surviving forest, mean
post-fire conifer and ponderosa pine regeneration was 49 and
34 stems ha�1, respectively, while median densities were
0 stems ha�1. At distances <50 m from the surviving forest, a sec-
ond division based on elevation was identified. Where elevation
was 62490 m, mean (median) conifer and ponderosa pine regener-
ation densities were 150 (0) and 132 (0) stems ha�1, respectively.
Where elevation was >2490 m, mean (median) conifer and
ponderosa pine regeneration densities were 1120 (1000) and 930
(750) stems ha�1, respectively. The conifer regression tree pro-
duced an overall r2 of 0.35 and the ponderosa pine regression tree
produced an overall r2 of 0.30.

Applying the conifer regression tree results spatially to the high
severity portions of the 52,353 ha Hayman Fire, we found that 16%
of the area that burned at high severity (5922 of 36,525 ha) was
predicted to have mean (median) regeneration densities of 1120
(1000) stems ha�1 (i.e., distance from surviving forest <50 m and



Fig. 6. Estimated (and 95% confidence interval (CI)) post-fire tree regeneration
density in high severity plots as a function of elevation for (a) all conifers, (b)
ponderosa pine and (c) Douglas-fir.

Fig. 7. Estimated (and 95% confidence interval (CI)) post-fire tree regeneration
density in high severity plots as a function of understory vegetation cover for (a) all
conifers, (b) ponderosa pine and (c) Douglas-fir.
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elevation >2490 m; Fig. 9). Meanwhile, 14% of the high severity
area (5095 ha) was predicted to have mean (median) conifer
regeneration densities of 150 (0) stems ha�1 (distance <50 m and
elevation 62490 m), and 70% (25,508 ha) was predicted to have
mean (median) regeneration densities of 49 (0) stems ha�1

(distance P50 m). Contiguous areas predicted to have mean
(median) regeneration densities of 49 (0) stems ha�1 averaged
14 ha in size, with 23 areas (representing 60% of the total high
severity burn area) >100 ha.

4. Discussion

The resilience of ponderosa pine – dominated forests in high
severity burn areas of recent wildfires is predicated on sufficient
post-fire tree regeneration, as no surviving trees remain. Our
examination of regeneration in high severity burn areas of five
Colorado Front Range fires illustrates that ponderosa pine and
other conifers such as Douglas-fir have naturally regenerated in
the 11–18 years since the fires occurred, but at very low densities
relative to areas that were unburned or that burned with lesser
severity (Figs. 3 and 4). Similar studies conducted in ponderosa
pine – dominated forests have likewise found a dearth of regener-
ation in high severity burn areas (Bonnet et al., 2005; Savage and
Mast, 2005; Keyser et al., 2008; Roccaforte et al., 2012; Collins
and Roller, 2013). Ponderosa pine and Douglas-fir’s reliance on live
trees as seed sources likely limits their regeneration in high sever-
ity burn areas as a whole (Barrett, 1966; McDonald, 1980; Herman
and Lavender, 1990; Oliver and Ryker, 1990; Johansen and Latta,
2003; Bai et al., 2004). Unfavorable climate may further limit
regeneration in high severity burn areas. High temperatures, wind
speeds, and solar radiation due to a lack of overstory trees can
result in unfavorable germination conditions, or, if germination
occurs, in desiccation of establishing and established seedlings
(Stein and Kimberling, 2003; Feddema et al., 2013; Petrie et al.,
2016).

In this study, two complementary analytical approaches indi-
cated that, within high severity burn areas, distance from surviving
forest was the most important predictor of both all conifer and
ponderosa pine regeneration (Table 2; Figs. 5 and 8). Generalized
estimating equation analyses revealed that all conifer and pon-
derosa pine regeneration declined as distance from surviving forest
increased. Similarly, regression tree analyses identified 50 m as a
threshold, with regeneration more abundant at distances below
than above this distance. Our findings are consistent with those
from similar studies conducted not only in the Colorado Front
Range (Rother, 2015), but also in South Dakota (Bonnet et al.,
2005), in Idaho and Montana (Kemp et al., 2016), and in New
Mexico and Arizona (Haire and McGarigal, 2010; Haffey, 2014).
Our findings are also in line with the general rule that ponderosa
pine seeds disperse distances of only one or two times the parent
tree height (Barrett, 1966; McDonald, 1980; Oliver and Ryker,
1990; Johansen and Latta, 2003). In contrast, the relationship
between distance from surviving forest and Douglas-fir regenera-
tion was not significant in any of our analyses. This may be because
Douglas-fir seeds are smaller and are more readily wind-dispersed
than those of ponderosa pine (Herman and Lavender, 1990). In the
Klamath-Siskiyou region, Oregon, Donato et al. (2009) found that
median Douglas-fir – dominated regeneration densities were in
excess of 1000 stems ha�1 until distance exceeded 400 m, at which
point they declined.

Elevation was also an important predictor of where regenera-
tion occurred in high severity burn areas. The results of our



Fig. 8. Regression trees of post-fire tree regeneration density (stems ha�1) in high
severity burn plots for (a) all conifers and (b) ponderosa pine. Distance is distance
from surviving forest (m). Box-and-whisker diagrams are shown for each division,
along with the mean (±1 standard error of the mean).
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generalized estimating equation analyses showed that elevation
was highly positively correlated with regeneration density for all
conifers, ponderosa pine, and Douglas-fir (Table 2; Fig. 6), while
regression tree analyses indicated that elevations >2490 m were
associated with increased regeneration densities for all conifers
and ponderosa pine relative to elevations 62490 m, at least near
surviving forest (Fig. 8). While only 10 plots were located at eleva-
tions >2490 m, they were distributed across three of the five
sampled fires (Bobcat, High Meadows, and Hayman Fires), and thus
we believe that the latter results are likely generalizable across our
study area. Elevational gradients are marked by gradients of
temperature, precipitation, and evapotranspiration, with areas at
lower elevations typically experiencing higher temperatures, lower
precipitation, and higher evapotranspiration rates than their
higher elevation counterparts (Peet, 1981). Our results suggest that
the harsher environmental conditions typically associated with
lower elevations may pose challenges for successful regeneration,
even when surviving forest is in close proximity. Other studies in
ponderosa pine – dominated forests have likewise found that
lower elevations were associated with decreased regeneration
densities (Dodson and Root, 2013; Rother, 2015).

Understory vegetation cover has been implicated by some as
inhibiting tree regeneration in burned ponderosa pine – dominated
forests (Bonnet et al., 2005; Collins and Roller, 2013; but see Kemp
et al., 2016). Surprisingly, we found that it did not influence conifer
or ponderosa pine regeneration densities in high severity burn
areas, and that it positively influenced Douglas-fir regeneration
(Table 2, Fig. 7). The light requirements of ponderosa pine
and Douglas-fir may explain their contrasting relationship to
understory vegetation cover. Ponderosa pine requires abundant
light for successful recruitment (Oliver and Ryker, 1990;
Stein and Kimberling, 2003), whereas Douglas-firs are sensitive
to high light levels (Herman and Lavender, 1990). Thus, it is plau-
sible that understory vegetation may provide small Douglas-firs
protection from the high light levels encountered in high severity
burn areas.

Several variables not examined in this study may further drive
patterns of post-fire tree regeneration in high severity burn areas.
Soil moisture is thought to be one of the most important factors
influencing post-fire regeneration in ponderosa pine – dominated
forests (Stein and Kimberling, 2003; Puhlick et al., 2012; Dodson
and Root, 2013). While we suspect soil moisture is correlated with
some of the variables we did quantify, such as elevation and
understory vegetation cover, we did not explicitly quantify it. Field
studies that monitor seed germination and seedling establishment
in combination with soil moisture are limited (Petrie et al., 2016),
and such studies in the context of wildfire are lacking, and would
undoubtedly advance our understanding of this potential driving
variable. The topographic position and direction of the surviving
forest relative to high severity burn patches may also influence
post-fire regeneration patterns. Surviving forest that is uphill of
high severity burn areas, and/or in the direction of the prevailing
winds, may be more effective at dispersing seeds than forest that
is not (Barrett, 1966; McDonald, 1980; but see Donato et al., 2009).

Our predictive map of post-fire conifer regeneration for the
2002 Hayman Fire illustrates how the size, shape, and distribution
of high severity burn patches can influence spatial patterns of
forest resilience. Approximately 70% of this fire’s high severity
burn area was P50 m from surviving forest, and was predicted
to have very low densities of regenerating conifers (mean and
median of 49 and 0 stems ha�1, respectively). This map does come
with a few limitations. First, high severity burn areas were
identified as any area in the 2013 NAIP imagery that did not
contain surviving trees, and thus pre-fire unforested areas likely
caused us to overestimate them. An examination of pre-fire vege-
tation maps for the Pike National Forest suggests that unforested
areas accounted for around 7% of the Hayman’s area prior to the
fire, and were predominately roads, followed by water bodies,
grasslands, shrublands, and barren rock (Pike National Forest
unpublished data). Additionally, in this study we sampled conifer
regeneration in plots up to 250 m from surviving forest, but we
extrapolated our regression tree results to areas >250 m from
surviving forest in the predictive map. The exponential decline in
conifer regeneration density with distance from surviving forest
that is apparent in Fig. 5 suggests that sampling these areas could
have resulted in an additional division (or more) on the regression



Fig. 9. Predicted mean (±1 standard error of the mean) post-fire conifer regeneration densities within unforested portions of the Hayman Fire, per the results of the all conifer
regression tree analysis. Areas in pale green areP50 m from surviving forest, while areas in bright green are <50 m from surviving forest and 62490 m in elevation, and areas
in dark green are <50 m from surviving forest and >2490 m in elevation.

M.E. Chambers et al. / Forest Ecology and Management 378 (2016) 57–67 65
tree, with mean value(s) < 49 stems ha�1. Furthermore, the regres-
sion tree used to derive the predictive map had an overall r2 of only
0.35, suggesting that the map is most appropriately used to gain
general insight into the spatial distribution of regeneration in the
Hayman Fire, rather than to extract precise predictions for specific
locales. Nonetheless, we believe that our predictive map or
similarly derived maps for other Front Range fires will be valuable
tools to managers planning post-fire restoration activities in high
severity burn patches.

5. Conclusions and management implications

Information on post-fire conifer regeneration is critical for the
effective management of burned landscapes formerly occupied
by ponderosa pine – dominated forests. The post-fire regeneration
densities we found, particularly in areas where surviving forest
was not in close proximity, were well below several benchmarks
that might be used by Colorado Front Range land managers to
assess post-fire regeneration sufficiency. The National Forest
Management Act mandates that minimum regeneration values of
370 stems ha�1 are necessary for burned ponderosa pine – domi-
nated forests in this area to remain in the timber base (PSICC,
1984; ARP, 1997). Our reconstruction of pre-fire stand structure
indicated that densities averaged �650 stems ha�1 prior to burn-
ing, similar to densities reported elsewhere in the Colorado Front
Range (Kaufmann et al., 2000; Brown et al., 2015). Historical forest
densities, which may provide a more appropriate benchmark than
pre-fire densities because most ponderosa pine - dominated forests
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are widely believed to be overstocked, averaged �100 stems ha�1

in one low elevation study area of the Front Range (Brown et al.,
2015) and �140 stems ha�1 in the broader Front Range region
(M.A. Battaglia unpublished data).

Regenerating trees will continue to establish – and die – in high
severity burn areas of these and other recent Colorado Front Range
wildfires, making it difficult to provide managers with predictions
of longer-term recovery trajectories in the absence of continued
research. Nonetheless, we suspect that regeneration in high sever-
ity burn areas not in close proximity to surviving trees will be
insufficient to return them to a forested condition (as evaluated
by the aforementioned benchmarks) for many decades, if not
centuries. Post-fire regeneration that has already established will
take decades to reach reproductive maturity and in turn become
a seed source (Oliver and Ryker, 1990), which is critical for the
reforestation of areas where surviving forests are especially
distant. Future post-fire regeneration, from seeds of either surviv-
ing or post-fire trees, may face competition from well-established
understory graminoids, forbs, and shrubs (Bonnet et al., 2005;
Collins and Roller, 2013). Additionally, projections of increased
temperatures and decreased rates of precipitation may create
conditions unfavorable for tree establishment and favorable for
mortality due to drought and subsequent wildfires (Spracklen
et al., 2009; Brekke et al., 2013; Feddema et al., 2013; IPCC,
2013; Savage et al., 2013; Yue et al., 2013; Lukas et al., 2014;
Rother et al., 2015; Petrie et al., 2016). We suggest that managers
consider reforestation activities such as tree planting in high
severity burn areas where maintaining a forested condition is an
objective, particularly where surviving forest is not in close
proximity.

Furthermore, we recommend that managers continue to
implement ecologically appropriate restoration treatments in
ponderosa pine – dominated forests that are at increased risk of
uncharacteristic high severity wildfire. Restoration treatments
should aim to create more open and heterogeneous forest condi-
tions by reducing canopy density while creating stands that are a
diverse mixture of openings, individual trees, and tree groups
(Underhill et al., 2014). Such treatments have been shown to mod-
erate fire behavior, even under extreme weather conditions
(Finney et al., 2005; Lentile et al., 2006; Fulé et al., 2012; Waltz
et al., 2014), and will likely increase the probability that surviving
trees remain within the footprints of future fires. Restoration treat-
ments are especially important because future fires are predicted
to become even more severe and more frequent in ponderosa
pine forests of the Colorado Front Range due to climate change
(Spracklen et al., 2009; Litschert et al., 2012; Liu et al., 2013; Yue
et al., 2013; Rocca et al., 2014), and larger high severity burn
patches coupled with shorter fire return intervals and a warmer
and drier climate will provide even more challenges to the
resilience of severely burned ponderosa pine – dominated forests.
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Corrigendum 

Corrigendum to “Patterns of conifer regeneration following high severity 
wildfire in ponderosa pine–dominated forests of the Colorado Front Range” 
[For. Ecol. Manage. 378 (2016) 57–67] 

Marin E. Chambers a,b,*, Paula J. Fornwalt a, Sparkle L. Malone a, Mike A. Battaglia a 

a US Department of Agriculture, Forest Service, Rocky Mountain Research Station, 240 West Prospect Road, Fort Collins, CO 80526, USA 
b Graduate Degree Program in Ecology, Department of Ecosystem Science and Sustainability, Colorado State University, Fort Collins, CO 80523, USA 

We regret to report that we discovered errors in our data as we 
prepared them for archival. The errors arose from a sorting mistake and 
affected a portion of the explanatory variable data used to predict all 
conifer, ponderosa pine, and Douglas-fir regeneration densities via 
generalized estimating equation and regression tree analyses. The 
explanatory variables with some mis-sorted data were pre-fire stand 
basal area, coarse wood, fine wood, understory vegetation, productivity 
index, drainage index, topographic wetness index, and solar radiation. 
We also found a miscalculation in the explanatory variable aspect. 

We have carefully corrected the data and rerun the analyses. The 
original findings stemming from the generalized estimating equation 
analyses remain largely unchanged: distance from surviving forest 
continues to be an important predictor of all conifer and ponderosa pine 
regeneration density, and elevation continues to be an important pre
dictor of all conifer, ponderosa pine, and Douglas-fir regeneration den
sity. However, understory vegetation is no longer a predictor of Douglas- 
fir regeneration density. Additionally, some new findings have emerged 
from the updated generalized estimating equation analyses that add 
depth to the original findings. Specifically, the updated analyses now 

also show that: (1) distance from surviving forest is also a predictor of 
Douglas-fir regeneration density, (2) pre-fire basal area is a predictor of 
all conifer and ponderosa pine regeneration density, (3) fine wood is a 
predictor of all conifer, ponderosa pine, and Douglas-fir regeneration 
density, (4) drainage index is a predictor of Douglas-fir regeneration 
density, and (5) solar radiation is a predictor of Douglas-fir regeneration 
density. The findings stemming from the regression tree analyses remain 
unchanged, as do all other findings. 

Below is an updated version of the generalized estimating equation 
p-values presented in Table 2. P-values in black type indicate that the 
significance assessment (α = 0.050) for the relationship remains un
changed from the original assessment (although p-values may differ 
somewhat). P-values in blue type indicate that the relationship is now 
significant, while p-values in red type indicate that the relationship is 
now no longer significant. For all relationships that are now significant, 
the symbol in parentheses indicates whether the relationship is positive 
(+) or negative (-).   

DOI of original article: https://doi.org/10.1016/j.foreco.2016.07.001. 
* Corresponding author at: Colorado Forest Restoration Institute, Colorado State University, Fort Collins, CO 80523, USA. 
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We apologize for any inconvenience. 

M.E. Chambers et al.                                                                                                                                                                                                                           
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