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Abstract. Extensive high-severity wildfires have driven major losses of ponderosa pine and mixed-coni-
fer forests in the southwestern United States, in some settings catalyzing enduring conversions to non-
forested vegetation types. Management interventions to reduce the probability of stand-replacing wildfire
have included mechanical fuel treatments, prescribed fire, and wildfire managed for resource benefit. In
2011, the Las Conchas fire in northern New Mexico burned forested areas not exposed to fire for >100 yr,
but also reburned numerous prescribed fire units and/or areas previously burned by wildfire. At some
sites, the combination of recent prescribed fire and wildfire approximated known pre-settlement fire fre-
quency, with two or three exposures to fire between 1977 and 2007. We analyzed gridded remotely sensed
burn severity data (differenced normalized burn ratio), pre- and post-fire field vegetation samples, and
pre- and post-fire measures of surface fuels to assess relationships and interactions between prescribed fire,
prior wildfire, fuels, subsequent burn severity, and patterns of post-fire forest retention vs. conversion to
non-forest. We found that Las Conchas burn severity was lowest, and tree survival was highest, in sites
that had experienced both prescribed fire and prior wildfire. Sites that had experienced only prescribed or
prior wildfire exhibited moderate burn severity and intermediate levels of forest retention. Sites lacking
any recent prior fire burned at the highest severity and were overwhelmingly converted to non-forested
vegetation including grassland, oak scrub, and weedy, herbaceous-dominated types. Burn severity in the
Las Conchas fire was closely linked to surface woody fuel loads, which were reduced by prior wildfire and
prescribed fire. Our results support the restoration of fire regimes via prescribed fire and resource benefit
wildfire to promote the resiliency of forest types vulnerable to fire-mediated type conversion. The applica-
tion of prescribed fire to reduce surface fuels following wildfire may reduce forest loss during subsequent
fire under more extreme conditions. These findings are especially relevant given likely increases in vulnera-
bility associated with climate change impacts to wildfire and forest dynamics.
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INTRODUCTION

Major losses of ponderosa pine and dry
mixed-conifer forests across the western United
States have been driven by recent wildfires of
unprecedented intensity, severity, and scale

(Dennison et al. 2014, Stephens et al. 2014, Forn-
walt et al. 2016), in many cases leading to
apparent long-term vegetation conversion to
non-forested types (Savage and Mast 2005,
Abella and Fornwalt 2015, Coop et al. 2016,
Lauvaux et al. 2016, Rother and Veblen 2016,
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Minor et al. 2017, Tepley et al. 2017). Recent
increases in high-severity fire in these systems,
which were historically characterized primarily
by low-severity fire with short return intervals
(Touchan et al. 1996, Everett et al. 2000, Veblen
et al. 2000), have been attributed primarily to
direct and indirect human influences. Intense
livestock grazing of grassy understories had lar-
gely eliminated surface fire by the turn of the
20th century and was followed by direct wild-
fire suppression (Savage and Swetnam 1990,
Allen et al. 2002). These land use legacies led to
forests with higher tree densities and greater
vertical and horizontal fuel continuity than
may have existed for millennia (Covington and
Moore 1994, Swetnam et al. 1999). In addition
to elevated fuel loads, warmer temperatures
and increased aridity in the western United
States have lengthened fire seasons and
increased flammability (Dennison et al. 2014,
Jolly et al. 2015, Abatzoglou and Williams
2016). Under future climate projections, these
factors are expected to further influence fire fre-
quency, seasonality, and severity (Flannigan
et al. 2009, Littell et al. 2010, Westerling et al.
2011). Modern human ignitions have also
expanded the duration of the fire season into
periods when natural ignitions are rare (Balch
et al. 2017), though human ignitions likely
shaped pre-settlement fire regimes (Stephens
et al. 2007).

Under altered fire regimes, ponderosa pine
and dry mixed-conifer forests may be vulnerable
to fire-driven conversion to non-forested vegeta-
tion. Several studies have documented sparse
tree regeneration by obligate-seeding conifers of
these forest types within recent wildfire interiors
(Haire and McGarigal 2010, Ouzts et al. 2015,
Chambers et al. 2016, Rother and Veblen 2016,
Owen et al. 2017, Tepley et al. 2017). Factors that
reduce post-fire tree regeneration include poor
seed dispersal by wind-dispersed conifers into
large, severely burned patches (Bonnet et al.
2005, Coop et al. 2010, Chambers et al. 2016,
Rother and Veblen 2016, Owen et al. 2017).
This constraint is amplified by episodic seed
production and seedling establishment that
may already be limited by inter-annual climate
variation (Petrie et al. 2016). Strong positive feed-
backs may also play significant roles in maintain-
ing non-forested vegetation types as alternate

stable states. First, competition from highly fire-
adapted, resprouting grasses and shrubs can
severely constrain tree seedling establishment
(Roccaforte et al. 2012). Second, vigorous
regrowth of grasses and shrubs (combined with
large dead and down woody fuels following sev-
ere wildfire) can contribute to high subsequent
wildfire severity (Parks et al. 2014a), eliminating
tree seedlings and young trees, and maintaining
non-forested communities. As such, once estab-
lished, non-forested vegetation types may exhibit
remarkable persistence as alternate stable states
(e.g., Gambel’s oak scrub in the southwestern
United States; Guiterman et al. 2017). Finally,
warmer temperatures, increased drought, and
longer and drier fire seasons associated with cli-
mate change are expected to further constrain
tree regeneration and elevate the probability of
additional wildfire (Westerling 2006, Johnstone
et al. 2010, Williams et al. 2012, Harvey et al.
2016, Stevens-Rumann et al. 2018).
Ecological, economic, and social impacts of

wildfire and fire-driven forest losses compel
management interventions to increase forest
resistance and resilience to fire and, where possi-
ble, restore pre-settlement stand structure and
processes (Moore et al. 1999, Swetnam et al.
1999, Allen et al. 2002). While mechanical treat-
ments may be useful to restore forest and fuel
structure and elevate stand fire resistance, fire
itself is essential to restoring ecological function
(Agee et al. 2000, Pollet and Omi 2002, Martin-
son and Omi 2003, Ful�e et al. 2012). Prescribed
fire has been shown to reduce the potential for
crown fire and tree mortality in fire-adapted
landscapes (Harrington 1996, Fernandes and
Botelho 2003, Strom and Ful�e 2007, Ryan et al.
2013, van Mantgem et al. 2016). Numerous
remote sensing-based studies have also shown
that exposure to previous wildfires can moderate
subsequent burn severity and reduce the proba-
bility of reburn (Collins et al. 2009, Parks et al.
2014a, Prichard and Kennedy 2014, Holsinger
et al. 2016, Stevens-Rumann et al. 2016, Lyder-
sen et al. 2017). Though their individual effects
are commonly investigated, the additive effects
of prescribed fire and prior wildfire on subse-
quent fire severity, tree mortality, and fuel load-
ings have not been examined. The combination
of prescribed fire on top of earlier wildfire may
allow managers to achieve fuel reduction and
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stand structure objectives across larger areas
more efficiently than through repeated pre-
scribed fire alone (North et al. 2012, Houtman
et al. 2013).

In 2011, the Las Conchas wildfire burned
63,370 ha in the Jemez Mountains of northern
New Mexico, largely under extremely dry, hot,
and windy conditions. Much of this fire burned
very severely (with ~30% classified as high
severity; MTBS 2013), leading to extensive
losses of ponderosa pine and mixed-conifer for-
est types, especially where stands had not expe-
rienced any fire during the last century of fire
suppression. However, the Las Conchas fire
also overlapped 32 earlier prescribed fire units
in Bandelier National Monument and the Santa
Fe National Forest and reburned portions of
several recent prior wildfires (four of these are
shown in Fig. 1). At some sites, the combina-
tion of recent prescribed fire and wildfire
approached known pre-settlement fire fre-
quency, with two or three exposures to fire
between 1977 and 2007 (Table 1). In an earlier
study, Coop et al. (2016) found that Las Con-
chas burn severity was reduced where it over-
lapped prior fire, but large proportions of the
vegetation within these prior wildfire perime-
ters had already been type-converted from for-
est to non-forested states. Such non-forested
vegetation types, including resprouting woody
shrublands and native and non-native herba-
ceous communities, were highly fire resistant
and resilient in contrast to forests not recently
exposed to fire. Whether forested areas that
had persisted through prior wildfire and pre-
scribed fire treatments showed decreased Las
Conchas burn severity and reduced tree mortal-
ity remained an open question.

In this study, we examined the influence of
prescribed fires, prior wildfires, and their addi-
tive effects on subsequent wildfire severity and
impacts to forest stands during 2011 Las Conchas
fire in northern New Mexico. Specifically, we
sought to determine whether prior exposure to
one or more fires increased tree retention during
the Las Conchas fire. We employed three com-
plementary approaches that utilized satellite
imagery, pre- and post-fire measures of vegeta-
tion, and pre- and post-fire measures of surface
fuels and forest structure to address the follow-
ing questions:

1. Was Las Conchas burn severity (as inferred
from remotely sensed reflectance, e.g., dif-
ferenced normalized burn ratio [dNBR]) sig-
nificantly reduced by prescribed fire, prior
wildfire, or their combination?

2. In stands that were forested preceding Las
Conchas, did prescribed fire, prior wildfire,
or their interaction increase tree retention
and hinder subsequent conversion to non-
forested vegetation types?

3. Did management units with different recent
fire histories, including prescribed fire and/
or prior wildfire, display differences in pre-
and post-Las Conchas fuel loads that could
account for variation in burn severity and
forest retention?

METHODS

Study area
The climate of the study region is semiarid and

continental. In nearby Los Alamos (2243 m),
mean (1981–2010 norm) annual precipitation is
47.7 cm, with 45% (21.3 cm) occurring during
the summer monsoon period from July to
September; mean annual temperature is 9.1°C.
Elevations within the study area range from
~1750 to 3350 m. Our study focuses on stands
with dominance (prior to the 2011 Las Conchas
fire) by ponderosa pine (Pinus ponderosa var. scop-
ulorum) and mixed-conifer forest types that
included ponderosa pine, Douglas fir (Pseudot-
suga menziesii var. glauca), southwestern white
pine (Pinus strobiformis), and white fir (Abies con-
color), sometimes intermixed with aspen (Populus
tremuloides), as described in Muldavin et al.
(2011) and Coop et al. (2016). Small-scale logging
and extensive livestock grazing occurred histori-
cally within portions of the study area, but not
for nearly a century within the boundaries of
Bandelier National Monument.
Our study was conducted within a portion

of the 2011 Las Conchas fire perimeter (63,370-
ha) in Bandelier National Monument and the
adjacent Santa Fe National Forest, located in
northern New Mexico (Fig. 1). The historic fire
regimes of this landscape are some of the most
well characterized in the world (Allen et al.
1995, Touchan et al. 1996, Margolis and Male-
vich 2016). Throughout the ponderosa pine
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and mixed-conifer stands that form the focus
of this study, there is strong and abundant evi-
dence of historic, low-severity fire with short
(~5–18 yr) return intervals (Foxx and Potter
1978, unpublished report on file with Bandelier
National Monument; Touchan et al. 1996, Mar-
golis and Malevich 2016). Reductions in herba-
ceous vegetation due to heavy livestock
grazing in the 1890s led to an abrupt end to
frequent low-severity fire; the cessation of this

fire regime was reinforced by later direct fire
suppression (Allen 1989, Touchan et al. 1996).
A series of large fires with extensive high-

severity components began to impact the region
in 1977 with the 6250-ha La Mesa Fire, followed
by the 6684-ha Dome Fire in 1996, and the
19,425-ha Cerro Grande fire in 2000. Substantial
portions of these earlier fires were reburned by
the Las Conchas fire in 2011. Between 1984 and
2008, Bandelier National Monument’s Fire

Fig. 1. Locations of the 2011 Las Conchas Fire, a series of prior prescribed fires, prior wildfires, and field sam-
ple plots in the Jemez Mountains of northern New Mexico.
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Management Program and the Santa Fe National
Forest also conducted 32 prescribed fires that
were reburned during the Las Conchas fire.
These treatments were applied across areas with
a variety of fire histories including high-, moder-
ate-, and low-severity prior wildfire, prior pre-
scribed fire, and no prior fire and ranged in size
from ~1.5 to 613 ha (K. Beeley, unpublished data
on file with Bandelier National Monument). Where
prescribed fires overlapped with earlier wild-
fires, recent pre-Las Conchas fire, return intervals
at some sites resembled those recorded prior to
the period of modern fire suppression (Table 1).

Our study focused on areas within the vicinity
of previously prescribed fires for which we had
pre-Las Conchas vegetation and fuel data. To
define our study area, we buffered all prescribed
burn units by 2.5 km and intersected this buffer
with the portion of the Las Conchas fire that
burned between 26 and 29 June 2011 (www.geo
mac.gov). We excluded portions of the Las Con-
chas fire that burned after 29 June to ensure
sample sites burned under the extreme fire
weather conditions when the fire made its largest
runs and exclude areas known or thought to
have burned due to management interventions
(e.g., backing fires) under more moderate
weather conditions.

Burn severity analysis
Las Conchas burn severity was measured as

dNBR (Key and Benson 2005) that was produced
for an earlier study (Coop et al. 2016) with Land-
sat Thematic Mapper satellite imagery (30-m res-
olution). From a 60 9 60 m lattice of points
covering the study area (representing 25% of all
30-m pixels), we extracted dNBR and fire history
treatment type (prescribed fire [Rx] and prior

wildfire). Because of potential direct and indirect
influences of topography on Las Conchas burn
severity (Haire et al. 2017), we also extracted val-
ues of elevation (m) and slope inclination (°)
using a 30-m resolution digital elevation model.
We characterized recent fire activity prior to Las
Conchas as four distinct fire history treatments,
as follows: (1) Rx + wildfire, (2) Rx only, (3) wild-
fire only, and (4) no prior fire.
We utilized simultaneous autoregressive

(SAR) models, which incorporate a spatial term
into the standard regression equation to account
for spatial autocorrelation, to evaluate the influ-
ence of recent fire history on Las Conchas burn
severity. Simultaneous autoregressive modeling
was conducted using the spdep spatial analysis
package (Wimberly et al. 2009, Bivand et al.
2013) in R (R Development Core Team 2016).
Model selection followed the approaches of Kis-
sling and Carl (2008), Wimberly et al. (2009), and
Prichard and Kennedy (2014). First, to determine
which predictors to include in the SAR, we used
a stepwise selection procedure of a set of linear
models that included all predictors of interest (in-
cluding the four fire history treatments and nor-
malized [0–1] elevation and slope terms). The
best-fitting linear model was determined based
on minimum Akaike information criterion (AIC).
The residuals of this model were tested for spa-
tial autocorrelation using Moran’s I from 1000
Monte Carlo simulations. Subsequently, we used
these predictors to develop SARs with incremen-
tally increasing neighborhood sizes (increasing
number of nearest neighbors for each point: 4, 8,
12). We then selected the SAR with the neighbor-
hood size that (1) minimized AIC and (2) pro-
duced residuals that did not show spatial
autocorrelation. The no prior fire category was

Table 1. Total number of fuel sample plots within each fire effects project area that conform to each fire history
treatment.

Fire history
treatment

Management
unit 1 (n = 18)

Management
unit 7 (n = 14)

Management
unit 9 (n = 30)

Management
unit 14 (n = 14)

Escobas mesa
unit (n = 19)

No prior fire 2 14 – – –
Wildfire only 1 – – 14 –
Rx only – – 27 – –
Rx + wildfire 15 – 3 – 19z
Wildfire year 2000 – 2000 1977 1977
Rx fire year 1992 – 2007 – 1995, 1998, 1999

Note: Year of prescribed fire and prior wildfire events are included where applicable. Dash symbol indicates a non-
applicable field.
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used as the baseline condition (intercept) against
which the other fire history treatments were
compared. We calculated the Nagelkerke likeli-
hood-based pseudo-R2 statistic (Nagelkerke
1991, Burnham and Anderson 2003) for the final
model. We also conducted parallel analyses
using the relativized burn ratio (RBR) metric of
burn severity (Parks et al. 2014b).

Pre- to post-Las Conchas vegetation change
To characterize patterns of forest retention vs.

conversion resulting from the Las Conchas fire
across the four fire history treatments, we re-
measured 129 pre-fire, field-sampled vegetation
plots during July and August 2016, five years
post-Las Conchas. We selected these plots from
510 vegetation plots occurring within the Las
Conchas perimeter, first measured between June
and September 2003–2006, 5–8 yr pre-Las Con-
chas, and 3–29 yr after earlier wildfires
(Muldavin et al. 2011). To qualify for re-mea-
surement, plots must have contained mature
conifer trees when measured prior to the Las
Conchas fire. Plots were re-located using a hand-
held GPS unit and pre-fire photographs. Re-mea-
surement was conducted using the original
sampling protocols, described fully in Muldavin
et al. (2011). Briefly, within 20 9 20-m plots, a
list of all live vascular plant species was com-
piled and ocular coverage estimates were made
for each species, by stratum. The midpoints of
nine coverage ranges were used to record cover-
age estimates as follows: 0.05% (trace, present on
plot but <0.1%); 0.5% (<1%); 2.5% (1–4%); 7.5%
(5–10%); 17.5% (10–25%); 29% (25–33%); 41.5%
(33–50%); 62.5% (50– 75%); and 87% (≥75%).
Repeat plot photographs were also taken from
the same locations as pre-Las Conchas pho-
tographs.

A previous study by Coop et al. (2016) utilized
the same 510 pre-Las Conchas field-sampled veg-
etation plots to characterize relationships
between pre-Las Conchas vegetation composi-
tion and previous wildfire and designated four
broad vegetation types corresponding to quad-
rants of this ordination space, including (1)
forested stands of ponderosa pine or mixed-coni-
fer dominance that had not burned at high sever-
ity prior to Las Conchas, (2) oak scrub,
associated with prior high-severity fire, (3) rud-
eral herb- and shrub-dominated communities

that often contained a substantial component of
New Mexico locust (Robinia neomexicana), also
generated by earlier high-severity fire, and (4)
savanna/meadow communities dominated by
native grasses but occasionally and infrequently
including surviving trees, which had generally
burned at low to moderate severity.
We utilized this nonmetric multidimensional

scaling (NMS)-derived species space to examine
pre-to-post-Las Conchas changes in forest vege-
tation associated with the four fire history treat-
ments. Using R function addpoints.nmds
(Roberts 2014), NMS axis scores were calculated
for the 129 post-Las Conchas vegetation plots.
These new points were added to the original
(Coop et al. 2016) NMS ordination space. To
quantify and illustrate the direction and magni-
tude of compositional change, we tallied the
numbers of points that moved to a new quadrant
of ordination space following the Las Conchas
fire, displayed vectors running from each pre-
Las Conchas point location to its respective post-
Las Conchas location, and calculated the mean
extent and direction of change for each fire his-
tory treatment.

Pre- and post-Las Conchas fuel loads
To mechanistically explore causes of variation

in Las Conchas burn severity and post-Las Con-
chas conifer retention, we utilized data collected
on a series of permanent fire effects monitoring
plots with different fire history treatments, sam-
pled by Bandelier National Monument’s Fire
Ecology Program. Plots within each of five man-
agement units conformed to one of the four pre-
viously described treatments (Table 1). We
utilized surface fuels and tree data from 95 of
these plots measured prior to Las Conchas
(2002–2010) and post-Las Conchas (2014–2016).
Within each 50 9 20 m plot, surface fuel data
were collected along four transects using the
standard Brown’s Line sampling method (Brown
1974). Each transect extended 15.2 m in a ran-
dom azimuth from the centerline of the plot; 1-h
(<0.64 cm) and 10-h (0.64–2.54 cm) fuels were
measured along 1.8 m, 100-h (2.54–7.62 cm) fuels
along 3.7 m, and 1000-h (>7.62 cm diameter)
fuels were measured by decay class along
15.2 m. Litter and duff depths were recorded
every 1.5 m (10 measurements per transect). All
trees with a diameter at breast height (DBH)
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greater than 2.5 cm were sampled; information
collected included the following: genus, species,
DBH, height, crown base height, crown ratio,
and status (live or dead).

We again employed SAR models to examine
the influence of pre-Las Conchas surface fuel
loads, tree basal area, and tree density on burn
severity, using the same model selection proce-
dure described above. Predictors included per-
plot totals of 1-, 10-, and 100-h fuels (hereafter,
“fine woody debris”), 1000-h fuels (hereafter,
“coarse woody debris”), litter + duff, and live,
dead, and total tree basal area and density.

RESULTS

Burn severity
Lowest mean Las Conchas burn severity was

observed in the Rx + wildfire treatment, whereas
the no prior fire treatment exhibited the highest
burn severity (Fig. 2). The two fire history treat-
ments that included only one fire type showed
intermediate levels of burn severity. The best-
fitting SAR model (Table 2) included all fire
history treatments, elevation, and slope as signif-
icant predictors of burn severity and utilized a
neighborhood size of k = 4. This model con-
firmed a statistically strong reduction in burn
severity imparted by fire history treatment. The

Rx + wildfire treatment drove the greatest reduc-
tions in burn severity with moderate reductions
in the single fire-type treatments relative to the
no prior fire condition (model intercept; Table 2).
The inclusion of normalized elevation and slope
inclination improved model fit; burn severity
increased with increasing elevation but
decreased with slope inclination. Model residu-
als did not show spatial autocorrelation. Model
permutations of RBR with the same factor sets
produced similar model coefficients and test
statistics to those of the dNBR models (these
results will not be discussed further).

Pre- to post-Las Conchas vegetation change
Patterns of pre- to post-Las Conchas vegetation

change varied greatly between fire history treat-
ments, with the extent of change inversely
related to prior fire exposure (Fig. 3). Forest
retention was greatest in the Rx + wildfire treat-
ment, where overall vegetation composition and
structure was largely unchanged by the Las Con-
chas fire. Though some sample sites within this
treatment clearly burned severely and shifted in
ordination space from forest toward non-forested
states (increasing scores on either NMS 1 or 2;
Fig. 3a), these changes were offset in part by
opposing changes toward increased forest cover
by other samples (decreasing scores on either

Fig. 2. Mean values of Las Conchas burn severity (differenced normalized burn ratio [dNBR]) by fire history
treatment. The simultaneous autoregressive model of Las Conchas burn severity (Table 2) indicated that all fire
history treatments were significantly different from the no prior fire treatment.
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axis; Fig. 3a) over the decade-long interval
between initial and follow-up measurements.
Sample units within the Rx-only and prior wild-
fire-only treatments showed substantially greater
loss of forest cover and degree of change
(Figs. 3b, c), with important distinctions associ-
ated with earlier fire type. Samples in the Rx-
only treatment tended to have higher initial tree
cover (low scores on NMS 1), and loss of forest
cover at these sites was often associated with
increased native herbaceous cover (increasing
scores on NMS 2; Fig. 3b). Pre-Las Conchas sam-
ples in the wildfire-only treatment generally con-
tained some component of resprouting woody
shrubs (associated with score on NMS 1) that
were elevated post-Las Conchas. Finally, samples
in the no prior fire treatment showed the greatest
magnitude of change (Fig. 3d). Before Las Con-
chas, these sites were the most densely forested
(lowest mean scores on NMS 1 and 2); after Las
Conchas, they were among the least forested
(highest scores on NMS 2; Fig. 3d). Of 16 no
prior fire samples located in the forest quadrant
of ordination space prior to Las Conchas, only
one (6%) remained forest post-Las Conchas, with
most (12 samples, or 67%) transformed to herba-
ceous-dominated meadow or ruderal vegetation
types.

Fuel loads and burn severity
Mean values of pre- and post-Las Conchas sur-

face fuel loads, live and dead tree basal areas,
and tree densities indicated that the fire effects
plots exposed to Rx and prior wildfire had the
lowest pre-Las Conchas surface fuel loads and

the smallest subsequent reduction in post-Las
Conchas tree density and basal area (Table 3).
Pre-Las Conchas surface fuels (litter + duff, fine
woody debris, and coarse woody debris) and
total tree density all showed positive correlations
to burn severity (Fig. 4). The most parsimonious
SAR model predicting dNBR from pre-Las Con-
chas fuels included fine woody debris, coarse
woody debris, and tree density as positive pre-
dictors of burn severity (Table 4). This model
also utilized a neighborhood size of k = 4, and
model residuals did not show spatial autocorre-
lation.

DISCUSSION

Combined prescribed fire and prior wildfire
mirroring pre-settlement fire regimes reduced
subsequent burn severity and fire-driven forest
losses (Figs. 2, 3), effects that were associated
with reduced pre-fire fuel loads. These findings
are consistent with a number of studies demon-
strating that recent prescribed fire or wildfire
reduced subsequent satellite-inferred burn sever-
ity (Finney et al. 2005, Arkle et al. 2012, Miller
et al. 2012, Parks et al. 2014a, Stevens-Rumann
et al. 2016). Building on these works, the results
of our field- and remote sensing-based investiga-
tion demonstrate that while single fire types
(wildfire vs. prescribed fire) independently
showed reduced subsequent burn severity, their
additive effects on both burn severity reduction
and enhanced forest retention were considerably
stronger (Figs. 2, 3).
We also observed differences between our sin-

gle treatment types; burn severity was more
strongly reduced within prescribed fire perime-
ters than those of wildfires. Wildfires occurring
under more extreme conditions than prescribed
fire would be expected to impart greater tree
mortality, with increases in dead and live surface
fuels as dead trees fell and more rapid regrowth
occurred (Coppoletta et al. 2016, Harris and Tay-
lor 2017). This expectation is borne out by greater
shrub cover and litter loads in our wildfire-only
vs. Rx-only treatments (Fig. 3, Table 4). These
live and dead fuel loads would be expected to
cause greater Las Conchas fire intensity than
occurred within prescribed fire boundaries.
However, we did not observe strong differences
in pre-Las Conchas down woody fuels between

Table 2. Simultaneous autoregressive model of Las
Conchas burn severity (differenced normalized burn
ratio) with fire history treatment and topographic
factors.

Factor b SE P

Intercept 113.24 25.21 ***
Wildfire only �23.27 5.65 ***
Rx only �27.77 7.93 ***
Rx + wildfire �39.71 7.65 ***
Elevation 211.41 43.94 ***
Slope inclination �17.26 7.83 *

Notes: SE, standard error. Model n = 29926; Akaike infor-
mation criterion = 88370; P < 0.001; Nagelkerke pseudo-
R2 = 0.87; a = 0.05.

*P < 0.05, ***P < 0.001.
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single treatment types (Table 4). In some (but not
all) areas, prescribed fire treatments occurred
more recently than prior wildfires (Table 1), and
several studies have demonstrated that reburn
severity increases as a function of time between
fires due to fuel accumulation (van Wagtendonk
et al. 2012, Parks et al. 2014a). However, an
important consideration is that fire had been
excluded for over a century prior to prescribed
fire application at the majority of our Rx-only
plots, potentially limiting treatment effectiveness

due to challenges and risks associated with
implementing prescribed fire in fuel-rich stands,
such as unwanted fire behavior, spread, or sever-
ity (Ryan et al. 2013).
Field-measured patterns of pre- to post-fire

compositional change associated with each fire
history treatment type paralleled variation in
satellite-inferred burn severity. Combined antece-
dent wildfire and prescribed fire yielded the
highest forest retention following the Las Con-
chas fire, relative to plots with only a single prior

Fig. 3. Nonmetric multidimensional scaling (NMS) ordination of 510 pre-Las Conchas vegetation samples.
Increasing scores on NMS 1 (shift from green to yellow points) are correlated with a transition from tree to shrub
dominance; increasing scores on NMS 2 (shift from green and yellow points to red points) are associated with
the transition from woody to herbaceous plant dominance. Vector direction and length illustrate the magnitude
of post-Las Conchas shifts in dominant vegetation type at 129 re-measured plots, with the bold vector indicating
mean change for each fire history treatment.
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fire type or no recent exposure to fire (Fig. 3).
Though some plots within this fire history treat-
ment did burn at high severity and were con-
verted to non-forested vegetation under the
extreme burning conditions of the Las Conchas
fire, others showed increased tree cover over the
10-yr sampling interval, with the net composi-
tional and structural change being almost zero
(Fig. 3a). In contrast, single fire-type treatments
showed substantially greater net shifts in ordina-
tion space (Fig. 3b, c). We also found marked dif-
ferences in the responses of the single fire-type
treatments. Many of the prior wildfire-only plots
contained greater proportions of resprouting
shrubs prior to Las Conchas and shifted farther
toward shrub dominance (NMS axis 1; Fig. 3b)
following reburning. Higher pre-Las Conchas
shrub dominance in wildfire-only compared to
Rx-only perimeters may have been imparted by
greater severity of wildfire during drier and hot-
ter conditions than are typical for prescribed fire.
For example, nitrogen losses increase with fire
severity (Belillas and Feller 1998), and one of the
main shrub species more common in wildfire
than prescribed fire units, New Mexico locust
(Robinia neomexicana), is a nitrogen-fixer. Once
established, resprouting woody species appear
to benefit from subsequent wildfire (Coop et al.
2016, Guiterman et al. 2017). In contrast, pre-Las
Conchas Rx-only plots generally exhibited more
forest cover, and less shrub or herbaceous cover,
than prior wildfire-only plots (Fig. 3c). However,
these Rx-only plots showed shifts toward

decreased tree cover and increased herb and
shrub cover upon reburning, shifting toward the
same central portion of ordination space that
was occupied by pre-Las Conchas prior wildfire
plots.
The Las Conchas fire drove the maximum

compositional change in forest stands with no
prior exposure to fire (Fig. 3d), which were
nearly uniformly converted from forest to non-
forest. Early post-fire composition of these sites
was largely herb-dominated, suggesting that the
resprouting woody species common to wildfire-
only treatments were less frequent in forests
with no recent fire exposure, and had not yet
become widely established five years after Las
Conchas fire. Though the duration of these forest
to non-forest conversions is not yet known, we
anticipate limited propagule availability of obli-
gate-seeding conifers in large openings (Ouzts
et al. 2015, Chambers et al. 2016, Owen et al.
2017) and strong competition by graminoids and
resprouting woody species (Roccaforte et al.
2012). Savage and Mast (2005) recorded fire-dri-
ven shifts from ponderosa pine to non-forested
communities that had persisted at least three to
six decades, including within the La Mesa fire in
our study area. In the Hayman burn in Colorado,
Chambers et al. (2016) determined that areas
>50 m from a seed source were not recovering
toward pre-fire ponderosa pine forest densities
15 yr post-fire, and suggested that recovery in
these areas would take many additional decades
to centuries, even assuming a favorable climate

Table 3. Pre- and Post-Las Conchas surface fuel loads, tree density, and basal area by fire history treatment.

Rx + wildfire (n = 37) Rx only (n = 27) Wildfire only (n = 15) No prior fire (n = 16)

Pre Post Pre Post Pre Post Pre Post

Year of sample 2002, 2008 2014, 2016 2008 2016 2002, 2010 2014, 2016 2002, 2009 2014, 2015
Litter (Mg/ha) 4.4 � 2.5 5.2 � 3.7 4.5 � 2.5 3.5 � 1.2 8.2 � 3.0 2.9 � 2.0 6.4 � 2.6 4.5 � 3.4
Duff (Mg/ha) 7.6 � 9.9 10.6 � 11.5 14.9 � 7.5 5.4 � 3.5 20.0 � 10.5 3.1 � 3.5 22.4 � 8.5 10.7 � 9.8
Fine woody
debris (Mg/ha)

3.3 � 3.3 3.0 � 3.1 8.5 � 4.3 8.0 � 3.2 9.3 � 6.1 8.2 � 3.2 7.0 � 4.7 5.5 � 3.8

Coarse woody
debris (Mg/ha)

9.9 � 14.7 10.9 � 19.3 35.0 � 30.0 27.4 � 14.6 32.4 � 23.5 44.9 � 19.3 46.4 � 34.3 25.2 � 21.3

Live tree density
(stems/ha)

414.6 � 326.7 261.4 � 237.7 886.7 � 430.4 242.6 � 170.5 809.3 � 434.6 0.4 � 1.6 590.6 � 135.8 128.2 � 124.8

Dead tree density
(stems/ha)

142.9 � 175.6 112.1 � 146.1 218.5 � 136.8 590.0 � 342.6 226.0 � 145.5 384.0 � 252.5 186.3 � 139.9 353.8 � 188.0

Live basal area
(m2/ha)

21.2 � 22.8 17.5 � 19.4 36.5 � 8.2 16.6 � 12.3 20.7 � 17.9 2.7 � 10.3 36.9 � 9.7 14.3 � 12.4

Dead basal area
(m2/ha)

4.5 � 7.8 5.6 � 10.6 14.7 � 1 0.4 27.8 � 12.7 7.2 � 8.6 20.8 � 11.3 10.3 � 6.5 24.5 � 13.2

Notes: Fine woody debris refers to 1-, 10-, and 100-h fuels; coarse woody debris refers to 1000-h fuels. Values of mass, den-
sity, and area are mean � one standard deviation.
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and no further disturbance. In comparison,
within the Las Conchas fire perimeter, 32,251 ha
(more than half of the total fire area) is >50 m
from a surviving seed source and the mean dis-
tance from a non-forested site to a surviving tree
seed source is 274 m (J. Coop, unpublished data).
Additionally, climate across our study area
appears to have been particularly limiting to
ponderosa pine establishment: Most tree seed-
lings planted post-fire in a portion of the study
area were killed by recent drought (J. Coop, per-
sonal observation), and no seedlings were
recorded in any of our sample sites even proxi-
mal to surviving seed sources.

Fig. 4. Relationships (Pearson’s r) between burn severity and four fuel measures: (a) litter + duff, (b) fine
woody debris (1-, 10-, 100-h), (c) coarse woody debris (1000-h), and (d) tree density, measured at permanent fire
effects sample plots, by fire history treatment.

Table 4. Parsimonious simultaneous autoregressive
model of burn severity (differenced normalized burn
ratio) predicted by pre-Las Conchas surface fuel
loads and live tree density.

Factor b SE P

Intercept 25.43 77.62
Fine woody debris 11.85 3.73 ***
Coarse woody debris 1.65 0.65 *
Tree density (live + dead) 0.07 0.04 0.088

Notes: SE, standard error. Fine woody debris refers to 1-,
10-, and 100-h fuels; coarse woody debris refers to 1000-h
fuels. Model n = 95; Akaike information criterion = 1259;
P < 0.001; Nagelkerke pseudo-R2 = 0.71; a = 0.05.

*P < 0.05, ***P < 0.001.

 ❖ www.esajournals.org 11 April 2018 ❖ Volume 9(4) ❖ Article e02182

WALKER ET AL.



Satellite-inferred burn severity and fire-
induced tree mortality were associated with sur-
face fuel loads, but less so with measured attri-
butes of stand structure (Fig. 4, Tables 3, 4).
Forest persistence following the extreme Las
Conchas fire event necessarily depended on con-
ditions that (1) precluded active crown fire
spread as fire moved into any given stand and
(2) precluded transition from surface fire to
crown fire as fire moved through the stand
(Rothermel 1983, Scott and Reinhardt 2001).
Prior wildfire resulting in patchy canopy open-
ings (not examined here) would be expected to
be most effective at inducing the former effect,
and prescribed fire or wildfire that consumed
mostly surface fuels, the latter. As such, the com-
bination of wildfire and prescribed fire together
should be most effective at increasing forest
resistance to active crown fire. Pre-Las Conchas
variation in surface fuels and tree density across
the five management units was consistent with
reductions associated with repeated exposure to
fire (i.e., combined prior wildfire and prescribed
fire; Fig. 4a–c, Table 3). Similarly, van Mantgem
et al. (2016) found that repeated prescribed fires
resulted in substantially greater surface fuel
reductions than a single fire. Huffman et al.
(2018) examined the influences of repeated
resource objective wildfire (natural ignitions
allowed to burn to accomplish ecological objec-
tives) on surface and canopy fuels, also finding
decreased fine surface fuel loads in repeat vs. sin-
gle fire samples. They attributed this difference
primarily to cleanup effects of the second fire
removing fuels in places that were missed by the
first (Huffman et al. 2018). Our best-fitting SAR
model (Table 4) included two surface fuel terms
as predictors of Las Conchas burn severity, fine
woody debris, and coarse woody debris. Tree
density was also retained in this model, though
with a P-value of 0.09. Tree density was lowest in
our Rx + wildfire samples; in addition to reduc-
tions in canopy density caused by early wildfire,
it is likely that wildfire and subsequent pre-
scribed fire killed tree seedlings that did not sub-
sequently contribute to increased mature tree
density.

Variation within each of the five management
units and permanent plots used to sample pre-
and post-Las Conchas fuels and stand structure
provided insights into the mechanisms driving

patterns and variability of fire effects across the
study area. However, concentrations of fuels
within specific units may provide a limited rep-
resentation relative to the more comprehensive
coverage of the satellite-inferred burn severity
and field vegetation samples. While fuel avail-
ability was identified as an important mechanism
in determining burn severity and tree mortality,
models also indicated that two topographic fac-
tors, elevation and slope, were associated with
variation in burn severity across the study area
(Table 2). The positive relationship between burn
severity and elevation may be attributed to a
combination of factors including the tendency
for higher elevations to be more productive and
fuel-rich due to increased moisture (Dillon et al.
2011, Parks et al. 2014a) and/or the non-uniform
distribution of fire treatments across the study
area (i.e., repeated prescribed fire exposure
tended to occur at lower elevations). We note
that despite the inclusion of these topographic
factors in our models, fire treatments continued
to stand out as strong and significant predictors
of burn severity (Table 2), demonstrating the
potential of repeated fire exposure as a manage-
ment tool for restoring and enhancing forest
landscape resilience.

Management implications and conclusions
Retention of ponderosa pine and dry mixed-

conifer forests facing increasing wildfire activity
compels the restoration of forest and fuel struc-
tures conducive to frequent, low-severity fire
(Covington et al. 1997, Mast et al. 1999). Our
results are consistent with numerous observa-
tional studies demonstrating that prescribed fire,
resource objective wildfire, and especially
sequential exposure to fire, can yield stand con-
ditions aligned with fuel mitigation objectives
and reduced burn severity of subsequent wildfire
(Finney et al. 2005, Hunter et al. 2011, Larson
et al. 2013, Stevens-Rumann et al. 2013, van
Mantgem et al. 2016, Huffman et al. 2017, Lyder-
sen et al. 2017). It has been suggested that the
current pace and scale of fuel reduction treat-
ments are not adequate in addressing the large
expanses of forests lands in need of restoration
(Ryan et al. 2013, North et al. 2012). Conse-
quently, our results suggest that expanding area
treated in terms of prescribed fire and allowing
fire to burn for resource benefit (under suitable
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weather conditions) will reduce the potential for
fire-facilitated conversions to non-forest over lar-
ger landscapes.

Three primary factors are known to govern fire
behavior: weather, topography, and fuels, of
which only fuels can be directly controlled
through management intervention (Agee 1996).
While mechanical fuel reduction treatments can
generate fire resistant stand structure, their
repeated application over large areas is usually
not practical due to cost, legal, or logistical con-
straints (Hartsough et al. 2008, North et al.
2015). Managers may be able to take advantage
of resource objective wildfire and follow-up pre-
scribed fire to reduce fuels across more extensive
areas and sites not conducive to mechanical
treatments (e.g., steep slopes, roadless areas),
thereby promoting multiple short-interval fire
entries. The use of repeated resource benefit and
prescribed fire may also facilitate burning at low
to moderate severity under mild weather condi-
tions. In contrast, a fire, such as Las Conchas,
which burned largely under extreme weather
conditions, drove high forest mortality even in
some areas that had been exposed to a single
prior wildfire or prescribed fire (Table 3), and
resultant dead and down fuel loads and shifts
toward ruderal and shrubby vegetation types
(Fig. 3) point to a major net loss in forest
resilience.

In addition to providing general support for
more use of fire to meet management objectives,
our study also suggests that the benefits of fire
may be optimized by its sequential application,
particularly the use of prescribed fire following
wildfire. As indicated by pre- and post-Las Con-
chas measures of surface fuel loads (Table 3),
downed and dead woody materials may rapidly
accumulate post-wildfire, sometimes exceeding
pre-fire loads. Strategically applying prescribed
fire after wildfire can consume these accumu-
lated fuels, thereby reducing subsequent surface
fire intensity that would occur under more
extreme conditions and increasing the probabil-
ity that residual live trees will survive subse-
quent fire events. However, we also caution that
where fire-driven type conversions to non-
forested states have already occurred, repeated
burning can eliminate post-fire regeneration by
obligate-seeding tree species, and may promote
the maintenance of stable, non-forested alternate

states (Coop et al. 2016). Effects and interactions
of repeated wildfires are complex (Prichard
et al. 2017), and management of post-fire land-
scapes will require type- and location-specific
nuance that may entail balancing sometimes
competing objectives of residual forest resistance
to reburning, forest recovery in non-forested
burn interiors, and general landscape resilience.
In our study system, the additive effects of

repeated exposure to fire reduced the likeli-
hood of shifts toward successional trajectories
conducive to enduring conversions to non-
forested states (Savage and Mast 2005, Coop
et al. 2016, Coppoletta et al. 2016). The rate
and extent of such shifts is expected to increase
in the future, driven by direct and fire-
mediated effects of climate (Parks et al. 2017).
By embracing sequential low- to moderate-
severity fire in frequent-fire-adapted forest
types, managers can utilize the ecological mem-
ory of these systems evident in their fire-
adapted traits, thereby enhancing resilience in
a future of volatile disturbance and decreasing
the loss of the legacies necessary for recovery
(Johnstone et al. 2016).

ACKNOWLEDGMENTS

This research was supported by an agreement
between the Aldo Leopold Wilderness Research Insti-
tute and Western State Colorado University (15-CR-
11221639-118). We thank the staff of Bandelier National
Monument for facilitating access and field sampling
and Esteban Muldavin, with the New Mexico Natural
Heritage Program, for providing pre-Las Conchas field
vegetation samples. Dave Roberts provided code for
the addpoints.nmds R function. For assistance with
field sampling, we thank Carissa Callison, Hanna
Davis, Nicole Dotson, and Jessie Marlenee. We also
thank two anonymous reviewers who provided feed-
back that substantially improved this manuscript.

LITERATURE CITED

Abatzoglou, J., and A. Williams. 2016. Impact of
anthropogenic climate change on wildfire across
western US forests. Proceedings of the National
Academy of Sciences USA 113:11770–11775.

Abella, S. R., and P. J. Fornwalt. 2015. Ten years of veg-
etation assembly after a North American mega fire.
Global Change Biology 21:789–802.

Agee, J. K. 1996. The influence of forest structure on
fire behavior. Pages 52–68 in Proceedings of the

 ❖ www.esajournals.org 13 April 2018 ❖ Volume 9(4) ❖ Article e02182

WALKER ET AL.



17th Annual Forest Vegetation Management Con-
ference January 16–18. Forest Vegetation Manage-
ment Committee, Redding, California, USA.

Agee, J. K., B. Bahro, M. A. Finney, P. N. Omi, D. B.
Sapsis, C. N. Skinner, J. W. van Wagtendonk, and
C. P. Weatherspoon. 2000. The use of shaded fuel-
breaks in landscape fire management. Forest Ecol-
ogy and Management 127:55–66.

Allen, C. D. 1989. Changes in the landscape of the
Jemez Mountains, New Mexico. Dissertation.
University of California, Berkeley, California, USA.

Allen, C. D., M. Savage, D. A. Falk, K. F. Suckling, T.
W. Swetnam, T. Schulke, P. B. Stacey, P. Morgan, M.
Hoffman, and J. T. Klingel. 2002. Ecological restora-
tion of southwestern ponderosa pine ecosystems: a
broad perspective. Ecological Applications 12:418–
1433.

Allen, C. D., R. Touchan, and T. W. Swetnam. 1995.
Landscape-scale fire history studies support fire
management action at Bandelier. Park Science
15:18–19.

Arkle, R. S., D. S. Pilliod, and J. L. Welty. 2012. Pattern
and process of prescribed fires influence effective-
ness at reducing wildfire severity in dry coniferous
forests. Forest Ecology and Management 276:174–
184.

Balch, J. K., B. A. Bradley, J. T. Abatzoglou, R. C. Nagy,
E. J. Fusco, and A. L. Mahood. 2017. Human-
started wildfires expand the fire niche across the
United States. Proceedings of the National Acad-
emy of Sciences USA 114:2946–2951.

Belillas, C. M., and M. C. Feller. 1998. Relationships
between fire severity and atmospheric and leach-
ing nutrient losses in British Columbia’s coastal
Western Hemlock zone forests. International Jour-
nal of Wildland Fire 8:87–101.

Bivand, R. S., J. Hauke, and T. Kossowski. 2013. Com-
puting the Jacobian in Gaussian spatial autoregres-
sive models: an illustrated comparison of available
methods. Geographical Analysis 45:150–179.

Bonnet, V. H., A. W. Schoettle, and W. D. Shepperd.
2005. Postfire environmental conditions influence
the spatial pattern of regeneration for Pinus pon-
derosa. Canadian Journal of Forest Research 35:
37–47.

Brown, J. K. 1974. Handbook for inventorying downed
woody material. General Technical Report INT-16.
U.S. Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Sta-
tion, Ogden, Utah, USA.

Burnham, K. P., and D. R. Anderson. 2003. Model
selection and multimodel inference: a practical
information-theoretic approach. Springer Science &
Business Media, New York, New York, USA.

Chambers, M. E., P. J. Fornwalt, S. L. Malone, and M.
A. Battaglia. 2016. Patterns of conifer regeneration
following high severity wildfire in ponderosa pine
– dominated forests of the Colorado Front Range.
Forest Ecology and Management 378:57–67.

Collins, B. M., J. D. Miler, A. E. Thode, M. Kelly, J. W.
Van Wagtendonk, and S. L. Stephens. 2009. Interac-
tions among wildland fires in a long-established
Sierra Nevada natural fire area. Ecosystems
12:114–128.

Coop, J. D., R. T. Massatti, and A. W. Schoettle. 2010.
Subalpine vegetation pattern three decades after
stand-replacing fire: effects of landscape context
and topography on plant community composition,
tree regeneration, and diversity. Journal of Vegeta-
tion Science 21:472–487.

Coop, J. D., S. A. Parks, S. R. McClernan, and L. M.
Holsinger. 2016. Influences of prior wildfires on
vegetation response to subsequent fire in a
reburned Southwestern landscape. Ecological
Applications 26:346–354.

Coppoletta, M., K. E. Merriam, and B. M. Collins.
2016. Post-fire vegetation and fuel development
influences fire severity patterns in reburns. Ecologi-
cal Applications 26:686–699.

Covington, W. W., P. Z. Ful�e, M. M. Moore, S. C. Hart,
T. E. Kolb, J. N. Mast, S. S. Sackett, and M. R. Wag-
ner. 1997. Restoring ecosystem health in ponderosa
pine forests of the Southwest. Journal of Forestry
95:23.

Covington, W. W., and M. M. Moore. 1994. South-wes-
tern ponderosa pine forest structure: changes since
Euro-American settlement. Journal of Forestry
92:39–47.

Dennison, P. E., S. C. Brewer, J. D. Arnold, and M. A.
Moritz. 2014. Large wildfire trends in the western
United States, 1984–2011. Geophysical Research
Letters 41:2928–2933.

Dillon, G. K., Z. A. Holden, P. Morgan, M. A. Crim-
mins, E. K. Heyerdahl, and C. H. Luce. 2011. Both
topography and climate affected forest and wood-
land burn severity in two regions of the western
US, 1984 to 2006. Ecosphere 2:1–30.

Everett, R., R. Schellhaas, D. Keenum, D. Spurbeck,
and P. Ohlson. 2000. Fire history in the Ponderosa
pine/Douglas-fir forests on the east slope of the
Washington Cascades. Forest Ecology and Man-
agement 127:207–225.

Fernandes, P. M., and H. S. Botelho. 2003. A review of
prescribed burning effectiveness in fire hazard
reduction. International Journal of Wildland Fire
12:117–128.

Finney, M. A., C. W. McHugh, and I. C. Grenfell. 2005.
Stand- and landscape-level effects of prescribed

 ❖ www.esajournals.org 14 April 2018 ❖ Volume 9(4) ❖ Article e02182

WALKER ET AL.



burning on two Arizona wildfires. Canadian Jour-
nal of Forest Research 35:1714–1722.

Flannigan, M. D., M. A. Krawchuk, W. J. de Groot, B.
M. Wotton, and L. M. Gowman. 2009. Implications
of changing climate for global wildland fire. Inter-
national Journal of Wildland Fire 18:483.

Fornwalt, P. J., L. S. Huckaby, S. K. Alton, M. R.
Kaufmann, P. M. Brown, and A. S. Cheng. 2016.
Did the 2002 Hayman Fire, Colorado, USA, burn
with uncharacteristic severity? Fire Ecology
12:117–132.

Ful�e, P. Z., J. E. Crouse, J. P. Roccaforte, and E. L.
Kalies. 2012. Do thinning and/or burning treat-
ments in western USA ponderosa or Jeffrey pine-
dominated forests help restore natural fire behav-
ior? Forest Ecology and Management 269:68–81.

Guiterman, C. H., E. Q. Margolis, C. D. Allen, D. A.
Falk, and T. W. Swetnam. 2017. Long-term persis-
tence and fire resilience of oak shrubfields in dry
conifer forests of northern New Mexico. Ecosys-
tems. https://doi.org/10.1007/s10021-017-0192-2

Haire, S. L., J. D. Coop, and C. Miller. 2017. Character-
izing spatial neighborhoods of refugia following
large fires in northern New Mexico USA. Land
6:19.

Haire, S. L., and K. McGarigal. 2010. Effects of land-
scape patterns of fire severity on regenerating pon-
derosa pine forests (Pinus ponderosa) in New
Mexico and Arizona, USA. Landscape Ecology
25:1055–1069.

Harrington, M. G. 1996. Prescribed fire applications:
restoring ecological structure and process in pon-
derosa pine forests. General Technical Report INT-
GTR-341. U.S. Department of Agriculture, Forest
Service, Intermountain Research Station, Ogden,
Utah, USA.

Harris, L., and A. H. Taylor. 2017. Previous burns and
topography limit and reinforce fire severity in a
large wildfire. Ecosphere 8:e02019. https://doi.org/
10.1002/ecs2.2019

Hartsough, B. R., S. Abrams, R. J. Barbour, E. S. Drews,
J. D. McIver, J. J. Moghaddas, D. W. Schwilk, and S.
L. Stephens. 2008. The economics of alternative fuel
reduction treatments in western United States dry
forests: financial and policy implications from the
National Fire and Fire Surrogate Study. Forest Pol-
icy and Economics 10:344–354.

Harvey, B. J., D. C. Donato, and M. G. Turner. 2016.
High and dry: Post-fire tree seedling establishment
in subalpine forests decreases with post-fire
drought and large stand-replacing burn patches:
drought and post-fire tree seedlings. Global Ecol-
ogy and Biogeography 25:655–669.

Holsinger, L., S. A. Parks, and C. Miller. 2016. Weather,
fuels, and topography impede wildland fire spread

in western US landscapes. Forest Ecology and
Management 380:59–69.

Houtman, R. M., C. A. Montgomery, A. R. Gagnon, D.
E. Calkin, T. G. Dietterich, S. McGregor, and M.
Crowley. 2013. Allowing a wildfire to burn: esti-
mating the effect on future fire suppression costs.
International Journal of Wildland Fire 22:871.

Huffman, D. W., J. E. Crouse, A. J. S. Meador, J. D.
Springer, and M. T. Stoddard. 2018. Restoration
benefits of re-entry with resource objective wildfire
on a ponderosa pine landscape in northern Ari-
zona, USA. Forest Ecology and Management
408:16–24.

Huffman, D. W., A. J. S. Meador, M. T. Stoddard, J. E.
Crouse, and J. P. Roccaforte. 2017. Efficacy of
resource objective wildfires for restoration of pon-
derosa pine (Pinus ponderosa) forests in northern
Arizona. Forest Ecology and Management
389:395–403.

Hunter, M. E., J. M. Iniguez, and L. B. Lentile. 2011.
Short- and long-term effects on fuels, forest struc-
ture, and wildfire potential from prescribed fire
and resource benefit fire in southwestern Forests,
USA. Fire Ecology 7:108–121.

Johnstone, J. F., T. N. Hollingsworth, F. S. Chapin, and
M. C. Mack. 2010. Changes in fire regime break the
legacy lock on successional trajectories in Alaskan
boreal forest. Global Change Biology 16:1281–1295.

Johnstone, J. F., et al. 2016. Changing disturbance
regimes, ecological memory, and forest resilience.
Frontiers in Ecology and the Environment 14:369–
378.

Jolly, W. M., M. A. Cochrane, P. H. Freeborn, Z. A. Hol-
den, T. J. Brown, G. J. Williamson, and D. M. J. S.
Bowman. 2015. Climate-induced variations in glo-
bal wildfire danger from 1979 to 2013. Nature
Communications 6:7537.

Key, C. H., and N. C. Benson. 2005. Landscape assess-
ment: remote sensing of severity, the normalized
burn ratio; and ground measure of severity, the
Composite Burn Index. In D. C. Lutes, R. E. Keane,
J. F. Caratti, C. H. Key, N. C. Benson, and L. J.
Gangi, editors. FIREMON: fire effects monitoring
and inventory system. General Technical Report
RMRS-GTR-164-CD:LA1-LA51. U.S. Department
of Agriculture, Forest Service, Rocky Mountain
Research Station, Ogden, Utah, USA.

Kissling, W. D., and G. Carl. 2008. Spatial autocorrela-
tion and the selection of simultaneous autoregres-
sive models. Global Ecology and Biogeography
17:59–71.

Larson, A. J., R. T. Belote, C. A. Cansler, S. A. Parks,
and M. S. Dietz. 2013. Latent resilience in pon-
derosa pine forest: effects of resumed frequent fire.
Ecological Applications 23:1243–1249.

 ❖ www.esajournals.org 15 April 2018 ❖ Volume 9(4) ❖ Article e02182

WALKER ET AL.

https://doi.org/10.1007/s10021-017-0192-2
https://doi.org/10.1002/ecs2.2019
https://doi.org/10.1002/ecs2.2019


Lauvaux, C. A., C. N. Skinner, and A. Taylor. 2016.
High severity fire and mixed conifer forest-chapar-
ral dynamics in the southern Cascade Range, USA.
Forest Ecology and Management 363:74–85.

Littell, J. S., E. E. Oneil, D. McKenzie, J. A. Hicke, J. A.
Lutz, R. A. Norheim, and M. M. Elsner. 2010. For-
est ecosystems, disturbance, and climatic change in
Washington State, USA. Climatic Change 102:129–
158.

Lydersen, J. M., B. M. Collins, M. L. Brooks, J. R.
Matchett, K. L. Shive, N. A. Povak, V. R. Kane, and
D. F. Smith. 2017. Evidence of fuels management
and fire weather influencing fire severity in an
extreme fire event. Ecological Applications 27:
2013–2030.

Margolis, E. Q., and S. B. Malevich. 2016. Historical
dominance of low-severity fire in dry and wet
mixed-conifer forest habitats of the endangered ter-
restrial Jemez Mountains salamander (Plethodon
neomexicanus). Forest Ecology and Management
375:12–26.

Martinson, E. J., and P. N. Omi. 2003. Performance of
fuel treatments subjected to wildfires. In P. N. Omi
and L. A. Joyce, editors. Proceeding Conference on
Fire, Fuel Treatments, and Ecological Restoration.
Proc. RMRS-P-29. U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station,
Fort Collins, Colorado, USA.

Mast, J. N., P. Z. Ful�e, M. M. Moore, W. W. Covington,
and A. E. Waltz. 1999. Restoration of presettlement
age structure of an Arizona ponderosa pine forest.
Ecological Applications 9:228–239.

Miller, J. D., C. N. Skinner, H. D. Safford, E. E. Knapp,
and C. M. Ramirez. 2012. Trends and causes of
severity, size, and number of fires in northwestern
California, USA. Ecological Applications 22:184–
203.

Minor, J., D. A. Falk, and G. A. Barron-Gafford. 2017.
Fire severity and regeneration strategy influence
shrub patch size and structure following distur-
bance. Forests 8:221.

Moore, M. M., W. W. Covington, and P. Z. Ful�e. 1999.
Reference conditions and ecological restoration: a
southwestern ponderosa pine perspective. Ecologi-
cal Applications 9:1266–1277.

MTBS. 2013. Data Access: Fire Level Geospatial Data.
MTBS Project (USDA Forest Service/U.S. Geologi-
cal Survey). https://mtbs.gov/direct-download

Muldavin, E., A. Kennedy, C. Jackson, P. Neville, T.
Neville, K. Schultz, and M. Reid. 2011. Vegetation
classification and map: Bandelier National Monu-
ment. Natural Resource Technical Report NPS/
SCPN/NRTR—2011/438. National Park Service,
Fort Collins, Colorado, USA.

Nagelkerke, N. J. 1991. A note on a general definition
of the coefficient of determination. Biometrika
78:691–692.

North, M., A. Brough, J. Long, B. Collins, P. Bowden,
D. Yasuda, J. Miller, and N. Sugihara. 2015. Con-
straints on mechanized treatment significantly
limit mechanical fuels reduction extent in the Sierra
Nevada. Journal of Forestry 113:40–48.

North, M., B. M. Collins, and S. Stephens. 2012. Using
fire to increase the scale, benefits, and future main-
tenance of fuels treatments. Journal of Forestry
110:392–401.

Ouzts, J., T. Kolb, D. Huffman, and A. S. Meador. 2015.
Post-fire ponderosa pine regeneration with and
without planting in Arizona and New Mexico. For-
est Ecology and Management 354:281–290.

Owen, S. M., C. H. Sieg, A. J. S. Meador, P. Z. Ful�e,
J. M. Iniguez, L. S. Baggett, P. J. Fornwalt, and M.
A. Battaglia. 2017. Spatial patterns of ponderosa
pine regeneration in high-severity burn patches.
Forest Ecology and Management 405:134–149.

Parks, S. A., L. M. Holsinger, C. Miller, and M. A.
Parisien. 2017. Analog-based fire regime and
vegetation shifts in mountainous regions of the
western US. Ecography. https://doi.org/10.1111/ec
og.03378

Parks, S. A., C. Miller, C. R. Nelson, and Z. A. Holden.
2014a. Previous fires moderate burn severity of
subsequent wildland fires in two large western US
Wilderness Areas. Ecosystems 17:29–42.

Parks, S. A., G. Dillon, and C. A. Miller. 2014b. New
metric for quantifying burn severity: the relativized
burn ratio. Remote Sensing 6:1827–1844.

Petrie, M. D., A. M. Wildeman, J. B. Bradford, R. M.
Hubbard, and W. K. Lauenroth. 2016. A review of
precipitation and temperature control on seedling
emergence and establishment for ponderosa and
lodgepole pine forest regeneration. Forest Ecology
and Management 361:328–338.

Pollet, J., and P. N. Omi. 2002. Effect of thinning and
prescribed burning on crown fire severity in pon-
derosa pine forests. International Journal of Wild-
land Fire 11:1–10.

Prichard, S. J., and M. C. Kennedy. 2014. Fuel treat-
ments and landform modify landscape patterns of
burn severity in an extreme fire event. Ecological
Applications 24:571–590.

Prichard, S. J., C. S. Stevens-Rumann, and P. F. Hess-
burg. 2017. Tamm Review: shifting global fire
regimes: lessons from reburns and research needs.
Forest Ecology and Management 396:217–233.

R Development Core Team. 2016. R: a language and
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.

 ❖ www.esajournals.org 16 April 2018 ❖ Volume 9(4) ❖ Article e02182

WALKER ET AL.

https://mtbs.gov/direct-download
https://doi.org/10.1111/ecog.03378
https://doi.org/10.1111/ecog.03378


Roberts, D. W. 2014. R code for function add-
points.nmds. http://ecology.msu.montana.edu/labd
sv/R/labs/lab9/lab9.html

Roccaforte, J. P., P. Z. Ful�e, W. W. Chancellor, and D. C.
Laughlin. 2012. Woody debris and tree regenera-
tion dynamics following severe wildfires in Ari-
zona ponderosa pine forests. Canadian Journal of
Forest Research 42:593–604.

Rother, M. T., and T. T. Veblen. 2016. Limited conifer
regeneration following wildfires in dry ponderosa
pine forests of the Colorado Front Range. Eco-
sphere 7:e01594.

Rothermel, R. C. 1983. How to predict the spread and
intensity of forest and range fires. General Techni-
cal Report INT-143. U.S. Department of Agricul-
ture, Forest Service, Ogden, Utah, USA.

Ryan, K. C., E. E. Knapp, and J. M. Varner. 2013. Pre-
scribed fire in North American forests and wood-
lands: history, current practice, and challenges.
Frontiers in Ecology and the Environment 11:e15–
e24.

Savage, M., and J. N. Mast. 2005. How resilient are
southwestern ponderosa pine forests after crown
fires? Canadian Journal of Forest Research 35:967–
977.

Savage, M., and T. W. Swetnam. 1990. Early 19th-cen-
tury fire decline following sheep pasturing in a
Navajo Ponderosa Pine Forest. Ecology 71:2374–
2378.

Scott, J. H., and E. D. Reinhardt. 2001. Assessing crown
fire potential by linking models of surface and
crown fire behavior. Research Paper RMRS–29.
U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station, Fort Collins,
Colorado, USA.

Stephens, S. L., R. E. Martin, and N. E. Clinton. 2007. Pre-
historic fire area and emissions from California’s
forests, woodlands, shrublands, and grasslands.
Forest Ecology and Management 251:205–216.

Stephens, S. L., et al. 2014. Temperate and boreal forest
mega-fires: characteristics and challenges. Frontiers
in Ecology and the Environment 12:115–122.

Stevens-Rumann, C. S., S. J. Prichard, E. K. Strand, and
P. Morgan. 2016. Prior wildfires influence burn
severity of subsequent large fires. Canadian Jour-
nal of Forest Research 46:1375–1385.

Stevens-Rumann, C., K. Shive, P. Ful�e, and C. H. Sieg.
2013. Pre-wildfire fuel reduction treatments result
in more resilient forest structure a decade after
wildfire. International Journal of Wildland Fire
22:1108–1117.

Stevens‐Rumann, C. S., K. B. Kemp, P. E. Higuera, B. J.
Harvey, M. T. Rother, D. C. Donato, P. Morgan, T.
T. Veblen, and F. Lloret. 2018. Evidence for

declining forest resilience to wildfires under cli-
mate change. Ecology Letters 21:243–252.

Strom, B. A., and P. Z. Ful�e. 2007. Pre-wildfire fuel
treatments affect long-term ponderosa pine forest
dynamics. International Journal of Wildland Fire
16:128.

Swetnam, T. W., C. D. Allen, and J. L. Betancourt.
1999. Applied historical ecology: using the past to
manage for the future. Ecological Applications
9:1189–1206.

Tepley, A. J., J. R. Thompson, H. E. Epstein, and K. J.
Anderson-Teixeira. 2017. Vulnerability to forest
loss through altered postfire recovery dynamics in
a warming climate in the Klamath Mountains. Glo-
bal Change Biology 23:4117–4132.

Touchan, R., C. D. Allen, and T. W. Swetnam. 1996.
Fire history and climatic patterns in ponderosa
pine and mixed conifer forests of the Jemez Moun-
tains, northern New Mexico. Pages 33–46 in C. D.
Allen, editor. Fire Effects in Southwestern Forests:
Proceedings of the Second La Mesa Fire Sympo-
sium. General Technical Report RM-GTR-286. U.S.
Department of Agriculture, Forest Service, Fort
Collins, Colorado, USA.

Veblen, T. T., T. Kitzberger, and J. Donnegan. 2000. Cli-
matic and human influences on fire regimes in
ponderosa pine forests in the Colorado Front
Range. Ecological Applications 10:1178–1195.

van Mantgem, P. J., L. B. Lalemand, M. Keifer, and J.
M. Kane. 2016. Duration of fuels reduction follow-
ing prescribed fire in coniferous forests of U.S.
national parks in California and the Colorado Pla-
teau. Forest Ecology and Management 379:265–
272.

van Wagtendonk, J. W., K. A. van Wagtendonk, and A.
E. Thode. 2012. Factors associated with the severity
of intersecting fires in Yosemite National Park, Cal-
ifornia, USA. Fire Ecology 7:11–31.

Westerling, A. L. 2006. Warming and earlier spring
increase western U.S. Forest wildfire activity.
Science 313:940–943.

Westerling, A. L., M. G. Turner, E. A. H. Smithwick, W.
H. Romme, and M. G. Ryan. 2011. Continued
warming could transform Greater Yellowstone fire
regimes by mid-21st century. Proceedings of the
National Academy of Sciences USA 108:13165–
13170.

Williams, A. P., et al. 2012. Temperature as a potent
driver of regional forest drought stress and tree
mortality. Nature Climate Change 3:292–297.

Wimberly, M. C., M. A. Cochrane, A. D. Baer, and K.
Pabst. 2009. Assessing fuel treatment effectiveness
using satellite imagery and spatial statistics. Eco-
logical Applications 19:1377–1384.

 ❖ www.esajournals.org 17 April 2018 ❖ Volume 9(4) ❖ Article e02182

WALKER ET AL.

http://ecology.msu.montana.edu/labdsv/R/labs/lab9/lab9.html
http://ecology.msu.montana.edu/labdsv/R/labs/lab9/lab9.html

