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A b stract. Extensive high-severity wildfires have driven major losses of ponderosa pine and mixed-coni- 
fer forests in the southw estern United States, in some settings catalyzing enduring conversions to non­
forested vegetation types. M anagem ent interventions to reduce the probability of stand-replacing wildfire 
have included mechanical fuel treatments, prescribed fire, and wildfire m anaged 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 rebum ed num erous prescribed fire units and/or areas previously burned by wildfire. A t some 
sites, the combination of recent prescribed fire and wildfire approxim ated know n pre-settlem ent fire fre­
quency, w ith two or three exposures to fire between 1977 and 2007. We analyzed gridded remotely sensed 
burn  severity data (differenced norm alized bu m  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 bu m  severity, and pattem s of post-fire forest retention vs. conversion to 
non-forest. We found that Las Conchas burn  severity w as 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 m oderate bu m  severity and interm ediate levels of forest retention. Sites lacking 
any recent prior fire bum ed  at the highest severity and were overwhelmingly converted to non-forested 
vegetation including grassland, oak scmb, and weedy, herbaceous-dom inated types. Bum  severity in the 
Las Conchas fire was closely linked to surface w oody fuel loads, which w ere reduced by prior wildfire and 
prescribed fire. O ur results support the restoration of fire regimes via prescribed fire and resource benefit 
wildfire to prom ote the resiliency of forest types vulnerable to fire-mediated type conversion. The applica­
tion of prescribed fire to reduce surface fuels following wildfire m ay reduce forest loss during subsequent 
fire under more extreme conditions. These findings are especially relevant given likely increases in vulnera­
bility associated w ith climate change impacts to wildfire and forest dynamics.

Key w ords: ecological restoration; fuei treatm ent; Pinus ponderosa; reburning; resiiience; resource objective wiidfire; Rx 
fire; transform ation; type conversion.
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In t r o d u c t i o n  

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

(Dennison et al. 2014, Stephens et al. 2014, Fom-
walt et al. 2016), in m any cases leading to 

apparent long-term vegetation conversion to
non-forested types (Savage and M ast 2005,
Abella and Fom w alt 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 w ith short return intervals 
(Touchan et al. 1996, Everett et al. 2000, Veblen 
et al. 2000), have been attributed prim arily to 
direct and indirect hum an influences. Intense 
livestock grazing of grassy imderstories had lar­
gely eliminated surface fire by the tu rn  of the 
20th century and was followed by direct w ild­
fire suppression (Savage and Swetnam 1990, 
Allen et al. 2002). These land use legacies led to 
forests w ith higher tree densities and greater 
vertical and horizontal fuel continuity than 
m ay have existed for millennia (Covington and 
Moore 1994, Swetnam et al. 1999). In addition 
to elevated fuel loads, w arm er tem peratures 
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). M odem  hum an ignitions have also 
expanded the duration of the fire season into 
periods w hen natural ignitions are rare (Balch 
et al. 2017), though hum an ignitions likely 
shaped pre-settlement fire regimes (Stephens 
et al. 2007).

Under altered fire regimes, ponderosa pine 
and dry mixed-conifer forests m ay be vulnerable 
to fire-driven conversion to non-forested vegeta­
tion. Several studies have docum ented sparse 
tree regeneration by obligate-seeding conifers of 
these forest types w ithin 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 bum ed 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 
m ay already be limited by inter-annual climate 
variation (Petrie et al. 2016). Strong positive feed­
backs m ay also play significant roles in m aintain­
ing non-forested vegetation types as altem ate

stable states. First, competition from highly fire- 
adapted, resprouting grasses and shm bs can 
severely constrain tree seedling establishment 
(Roccaforte et al. 2012). Second, vigorous 
regrow th of grasses and shm bs (combined with 
large dead and dow n w oody fuels following sev­
ere wildfire) can contribute to high subsequent 
wildfire severity (Parks et al. 2014a), eliminating 
tree seedlings and young trees, and m aintaining 
non-forested communities. As such, once estab­
lished, non-forested vegetation types m ay exhibit 
remarkable persistence as altem ate stable states 
(e.g., Gambel' s oak scm b in the southw estem  
United States; Guiterm an et al. 2017). Finally, 
w arm er tem peratures, increased drought, and 
longer and drier fire seasons associated w ith cli­
m ate 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 
m anagem ent interventions to increase forest 
resistance and resilience to fire and, where possi­
ble, restore pre-settlement stand stm cture and 
processes (Moore et al. 1999, Swetnam et al. 
1999, Allen et al. 2002). While mechanical treat­
m ents m ay be useful to restore forest and fuel 
stm cture and elevate stand fire resistance, fire 
itself is essential to restoring ecological function 
(Agee et al. 2000, Pollet and Omi 2002, M artin­
son and Omi 2003, Fule et al. 2012). Prescribed 
fire has been show n to reduce the potential for 
crown fire and tree m ortality in fire-adapted 
landscapes (Harrington 1996, Fem andes and 
Botelho 2003, Strom and Fule 2007, Ryan et al. 
2013, van M antgem  et al. 2016). Num erous 
remote sensing-based studies have also shown 
that exposure to previous wildfires can moderate 
subsequent bu m  severity and reduce the proba­
bility of rebum  (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, H outm an 
et al. 2013).

In 2011, the Las Conchas wildfire bum ed 
63,370 ha in the Jemez M ountains of northem  
New Mexico, largely under extremely dry, hot, 
and w indy conditions. M uch of this fire bum ed 
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 emits 
in Bandelier National M onum ent and the Santa 
Fe National Forest and rebum ed portions of 
several recent prior wildfires (four of these are 
show n in Fig. 1). At some sites, the combina­
tion of recent prescribed fire and wildfire 
approached know n pre-settlement fire fre­
quency, w ith two or three exposures to fire 
between 1977 and 2007 (Table 1). In an earlier 
study. Coop et al. (2016) foimd that Las Con­
chas bu m  severity was reduced where it over­
lapped prior fire, but large proportions of the 
vegetation w ithin 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 
shm blands and native and non-native herba­
ceous communities, were highly fire resistant 
and resilient in contrast to forests not recently 
exposed to fire. W hether forested areas that 
had persisted through prior wildfire and pre­
scribed fire treatments showed decreased Las 
Conchas bu m  severity and reduced tree m ortal­
ity rem ained 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 northem  N ew Mexico. Specifically, we 
sought to determine whether prior exposure to 
one or more fires increased tree retention during 
the Las Conchas fire. We em ployed three com­
plem entary approaches that utilized satellite 
imagery, pre- and post-fire measures of vegeta­
tion, and pre- and post-fire measures of surface 
fuels and forest stm cture to address the follow­
ing questions:

1. Was Las Conchas b u m  severity (as inferred 
from remotely sensed reflectance, e.g., dif­
ferenced norm alized bu m  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 m anagem ent units w ith different recent 
fire histories, including prescribed fire and/ 
or prior wildfire, display differences in pre- 
and post-Las Conchas fuel loads that could 
accoimt for variation in bu m  severity and 
forest retention?

M e t h o d s  

Study area
The climate of the study region is semiarid and 

continental. In nearby Los Alamos (2243 m), 
m ean (1981-2010 norm) annual precipitation is 
47.7 cm, w ith 45% (21.3 cm) occurring during 
the sum m er monsoon period from July to 
September; m ean annual tem perature is 9.1°C. 
Elevations w ithin the study area range from 
-1750 to 3350 m. O ur study focuses on stands 
w ith 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), southw estem  white 
pine {Pinus strobiformis), and white fir {Abies con- 
color), sometimes intermixed w ith aspen {Populus 
tremuloides), as described in M uldavin et al. 
(2011) and Coop et al. (2016). Small-scale logging 
and extensive livestock grazing occurred histori­
cally w ithin portions of the study area, but not 
for nearly a century w ithin the boundaries of 
Bandelier National Monument.

Our study was conducted w ithin a portion 
of the 2011 Las Conchas fire perim eter (63,370-
ha) in Bandelier National M onum ent and the 
adjacent Santa Fe National Forest, located in 
northem  N ew Mexico (Fig. 1). The historic fire 
regimes of this landscape are some of the most 
well characterized in the w orld (Allen et al. 
1995, Touchan et al. 1996, Margolis and Male­
vich 2016). Throughout the ponderosa pine
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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 M ountains of northern New Mexico.
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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 hre w ith short 
(-5-18 yr) return intervals (Foxx and Potter 
1978, unpublished report on file with Bandelier 
National Monument; Touchan et al. 1996, M ar­
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 hre; the cessation of this

hre regime was reinforced by later direct hre 
suppression (Allen 1989, Touchan et al. 1996).

A series of large hres w ith extensive high- 
severity components began to im pact the region 
in 1977 w ith the 6250-ha La Mesa Fire, followed 
by the 6684-ha Dome Fire in 1996, and the 
19,425-ha Cerro Grande hre in 2000. Substantial 
portions of these earlier hres were rebum ed by 
the Las Conchas hre in 2011. Between 1984 and 
2008, Bandelier National M onument' s Fire
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M anagement Program  and the Santa Fe National 
Forest also conducted 32 prescribed fires that 
were rebum ed during the Las Conchas fire. 
These treatments were applied across areas w ith 
a variety of fire histories includmg high-, m oder­
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 M onument). Where 
prescribed fires overlapped w ith earlier w ild­
fires, recent pre-Las Conchas fire, re tum  intervals 
at some sites resembled those recorded prior to 
the period of m odem  fire suppression (Table 1).

O ur study focused on areas w ithin 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 
bu m  emits by 2.5 km  and intersected this buffer 
w ith the portion of the Las Conchas fire that 
bum ed between 26 and 29 June 2011 (www.geo 
mac.gov). We excluded portions of the Las Con­
chas fire that bum ed after 29 Jime to ensure 
sample sites bum ed im der the extreme fire 
weather conditions w hen the fire m ade its largest 
runs and exclude areas know n or thought to 
have bum ed due to m anagem ent interventions 
(e.g., backing fires) im der more moderate 
weather conditions.

Table 1. Total num ber of fuel sample plots w ithin each fire effects project area that conform to each fire history 
treatment.

 Fire history 
treatm ent

M anagem ent 
  un it 1 (n = 18)

M anagem ent 
  unit 7 (n  = 14)

M anagem ent 
  unit 9 (n  = 30)

M anagem ent 
 un it 14 (n = 14)

 Escobas mesa 
 un it (n = 19)

N   o prior fire 2 14 - - -
Wildfire only 1 - - 14 -
R  x only - - 17 - -
R   x + wildfire 15 - 3 - 19z
W  ildfire year 2000 - 2000 1977 1977
R  x fire year 1992 - 2007 - 1995,1998,1999

Note: Year of 
applicable field.

prescribed fire and prior wildfire events are included w here applicable. D ash sym bol indicates a non- 

Burn severity analysis
Las Conchas bu m  severity was m easured as 

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

wildfire). Because of potential direct and indirect 
influences of topography on Las Conchas bu m  
severity (Flaire 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) w ild­
fire only, and (4) no prior fire.

We utilized simultaneous autoregressive 
(SAR) models, which incorporate a spatial term  
into the standard regression equation to accoimt 
for spatial autocorrelation, to evaluate the influ­
ence of recent fire history on Las Conchas bum  
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 Kermedy (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 m odel was determ ined based 
on m inim um  Akaike information criterion (AIC). 
The residuals of this m odel were tested for spa­
tial autocorrelation using Moran' s I  from 1000 
Monte Carlo simulations. Subsequently, we used 
these predictors to develop SARs w ith incremen­
tally increasing neighborhood sizes (increasing 
num ber of nearest neighbors for each point: 4, 8, 
12). We then selected the SAR w ith the neighbor­
hood size that (1) m inimized AIC and (2) pro­
duced residuals that did not show spatial 
autocorrelation. The no prior fire category was
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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-R^ statistic (Nagelkerke 
1991, Burnham and Anderson 2003) for the final 
model. We also conducted parallel analyses 
using the relativized b u m  ratio (RBR) metric of 
bu m  severity (Parks et al. 2014fi).

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

conversion resulting from the Las Conchas fire 
across the four fire history treatments, we re­
m easured 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 w ithin the Las 
Conchas perimeter, first m easured between June 
and September 2003-2006, 5-8 yr pre-Las Con­
chas, and 3-29 yr after earlier wildfires 
(M uldavin et al. 2011). To qualify for re-mea­
surement, plots m ust have contained m ature 
conifer trees w hen m easured prior to the Las 
Conchas fire. Plots were re-located using a hand­
held GPS unit and pre-fire photographs. Re-mea­
surem ent was conducted using the original 
sam pling protocols, described fully in M uldavin 
et al. (2011). Briefly, w ithin 20 x 20-m plots, a 
list of all live vascular plant species was com­
piled and ocular coverage estimates were m ade 
for each species, by stratum . The m idpoints of 
nine coverage ranges were used to record cover­
age estimates as follows: 0.05% (trace, present on 
plot bu t <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 bum ed at high sever­
ity prior to Las Conchas, (2) oak scmb, 
associated w ith prior high-severity fire, (3) m d- 
eral herb- and shm b-dom inated communities

that often contained a substantial component of 
New Mexico locust {Robinia neomexicana), also 
generated by earlier high-severity fire, and (4) 
savanna/m eadow communities dom inated by 
native grasses but occasionally and infrequently 
including surviving trees, which had generally 
bum ed at low to m oderate severity.

We utilized this nonm etric multidimensional 
scaling (NMS)-derived species space to examine 
pre-to-post-Las Conchas changes in forest vege­
tation associated w ith the four fire history treat­
ments. Using R fimction addpoints.nm ds 
(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 m agni­
tude of compositional change, we tallied the 
num bers of points that m oved to a new  quadrant 
of ordination space following the Las Conchas 
fire, displayed vectors m nning 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 bu m  severity and post-Las Con­
chas conifer retention, we utilized data collected 
on a series of perm anent fire effects monitoring 
plots w ith different fire history treatments, sam ­
pled by Bandelier National M onument' s Fire 
Ecology Program. Plots w ithin each of five m an­
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 m easured prior to Las Conchas 
(2002-2010) and post-Las Conchas (2014-2016). 
W ithin each 50 x 20 m  plot, surface fuel data 
were collected along four transects using the 
standard Brown' s Line sampling m ethod (Brown 
1974). Each transect extended 15.2 m  in a ran­
dom  azim uth from the centerline of the plot; 1-h 
(<0.64 cm) and 10-h (0.64-2.54 cm) fuels were 
m easured 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 m easured by decay class along 
15.2 m. Litter and duff depths were recorded 
every 1.5 m  (10 measurem ents per transect). All 
trees w ith a diam eter 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 em ployed SAR models to examine 
the influence of pre-Las Conchas surface fuel 
loads, tree basal area, and tree density on bum  
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.

1000

500
~ o

>-

-500

Rx + w ild f i re Rx o n ly W ild f ire  o n ly N o  p r io r  f ire

Eig. 2. M ean values of Las Conchas b um  severity (differenced norm alized b u m  ratio [dNBR]) by fire history 
treatment. The sim ultaneous autoregressive model of Las Conchas bu m  severity (Table 2) indicated that all fire 
history treatm ents were significantly different from the no prior fire treatment.

Lowest m ean Las Conchas burn  severity was 
observed in the Rx + wildfire treatment, whereas 
the no prior fire treatm ent exhibited the highest 
b u m  severity (Fig. 2). The two fire history treat­
ments that included only one fire type showed 
interm ediate levels of b u m  severity. The best- 
fitting SAR model (Table 2) included all fire 
history treatments, elevation, and slope as signif­
icant predictors of b u m  severity and utilized a 
neighborhood size of k =  4. This m odel con­
firmed a statistically strong reduction in bum  
severity im parted by fire history treatment. The

R esults

Burn severity

Rx + wildfire treatm ent drove the greatest reduc­
tions in burn  severity w ith m oderate reductions 
in the single fire-type treatm ents relative to the 
no prior fire condition (model intercept; Table 2). 
The inclusion of norm alized elevation and slope 
inclination im proved model fit; burn  severity 
increased w ith increasing elevation but 
decreased w ith slope inclination. Model residu­
als did not show spatial autocorrelation. Model 
perm utations of RBR w ith the same factor sets 
produced similar m odel 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 betw een fire history treat­
ments, w ith 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 
stm cture was largely unchanged by the Las Con­
chas fire. Though some sample sites w ithin this 
treatm ent clearly burned severely and shifted in 
ordination space from forest tow ard non-forested 
states (increasing scores on either NMS 1 or 2; 
Fig. 3a), these changes were offset in part by 
opposing changes tow ard increased forest cover 
by other samples (decreasing scores on either
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axis; Fig. 3a) over the decade-long interval 
between initial and follow-up measurements. 
Sample emits w ithin the Rx-only and prior w ild­
fire-only treatments showed substantially greater 
loss of forest cover and degree of change 
(Figs. 3b, c), w ith im portant distinctions associ­
ated w ith earlier fire type. Samples in the Rx-
only treatm ent tended to have higher initial tree 
cover (low scores on NMS 1), and loss of forest 
cover at these sites was often associated w ith 
increased native herbaceous cover (increasing 
scores on NMS 2; Fig. 3b). Pre-Las Conchas sam ­
ples in the wildfire-only treatm ent generally con­
tained some component of resprouting woody 
shm bs (associated w ith score on NMS 1) that 
were elevated post-Las Conchas. Finally, samples 
in the no prior fire treatm ent showed the greatest 
m agnitude of change (Fig. 3d). Before Las Con­
chas, these sites were the most densely forested 
(lowest m ean 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%) rem ained forest post-Las Conchas, w ith 
most (12 samples, or 67%) transform ed to herba­
ceous-dominated m eadow  or m deral vegetation 
types.

Table 2. Simultaneous autoregressive model of Las 
Conchas bu m  severity (differenced norm alized bum  
ratio) w ith fire history treatm ent and topographic 
factors.

Factor P SE P

Intercept
Wildfire only
Rx only
Rx + wildfire

113.24
-23.27
-27.77
-39.71

25.21
5.65
7.93
7.65

Sf-Sf-Sf-
Sf-Sf-Sf-
Sf-Sf-Sf-
Sf-Sf-Sf-

Elevation 211.41 43.94 Sf-Sf-Sf-

Slope inclination -17.26 7.83

Notes: SE, standard  error. Model n =  29926; Akaike infor­
m ation criterion = 88370; P < 0.001; Nagelkerke pseudo- 

=  0.87; 01 =  0.05.
*P < 0.05, ***P < 0.001.
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Fuel loads and burn severity
M ean 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 show ed positive correlations 
to b u m  severity (Fig. 4). The most parsimonious 
SAR model predicting dNBR from pre-Las Con­
chas fuels included fine w oody debris, coarse 
w oody debris, and tree density as positive pre­
dictors of bu m  severity (Table 4). This model 
also utilized a neighborhood size of L =  4, and 
m odel residuals did not show spatial autocorre­
lation.

D isc u ssio n

Combined prescribed fire and prior wildfire 
m irroring pre-settlement fire regimes reduced 
subsequent b u m  severity and fire-driven forest 
losses (Figs. 2, 3), effects that were associated 
w ith reduced pre-fire fuel loads. These findings 
are consistent w ith a num ber of studies dem on­
strating that recent prescribed fire or wildfire 
reduced subsequent satellite-inferred b u m  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 dem onstrate that while single fire types 
(wildfire vs. prescribed fire) independently 
showed reduced subsequent bu m  severity, their 
additive effects on both b u m  severity reduction 
and enhanced forest retention were considerably 
stronger (Figs. 2, 3).

We also observed differences between our sin­
gle treatm ent types; b u m  severity was more 
strongly reduced w ithin prescribed fire perime­
ters than those of wildfires. Wildfires occurring 
under more extreme conditions than prescribed 
fire w ould be expected to im part greater tree 
mortality, w ith increases in dead and live surface 
fuels as dead trees fell and more rapid regrowth 
occurred (Coppoletta et al. 2016, Flarris and Tay­
lor 2017). This expectation is hom e out by greater 
shm b cover and litter loads in our wildfire-only 
vs. Rx-only treatments (Fig. 3, Table 4). These 
live and dead fuel loads w ould be expected to 
cause greater Las Conchas fire intensity than 
occurred w ithin prescribed fire boimdaries. 
Flowever, we did not observe strong differences 
in pre-Las Conchas dow n woody fuels between
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single treatm ent types (Table 4). In some (but not 
all) areas, prescribed fire treatments occurred 
more recently than prior wildfires (Table 1), and 
several studies have dem onstrated that rebum  
severity increases as a function of time between 
fires due to fuel accumulation (van W agtendonk 
et al. 2012, Parks et al. 2014fl). However, an 
im portant 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 treatm ent effectiveness

due to challenges and risks associated with 
im plementing prescribed fire in fuel-rich stands, 
such as unw anted fire behavior, spread, or sever­
ity (Ryan et al. 2013).
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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 w ith a transition from tree to shrub 
dominance; increasing scores on NMS 2 (shift from green and yellow points to red points) are associated w ith 
the transition from w oody to herbaceous plant dominance. Vector direction and length illustrate the m agnitude 
of post-Las Conchas shifts in dom inant vegetation type at 129 re-m easured plots, w ith the bold vector indicating 
m ean change for each fire history treatment.
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Field-measured pattem s of pre- to post-fire 
compositional change associated w ith each fire 
history treatm ent type paralleled variation in 
satellite-inferred b u m  severity. Combined antece­
dent wildfire and prescribed fire yielded the 
highest forest retention following the Las Con­
chas fire, relative to plots w ith only a single prior
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fire type or no recent exposure to fire (Fig. 3). 
Though some plots w ithin this tire history treat­
m ent did bu m  at high severity and were con­
verted to non-torested vegetation under the 
extreme bum ing conditions of the Las Conchas 
tire, others showed increased tree cover over the 
10-yr sam pling interval, w ith the net composi­
tional and stm ctural change being almost zero 
(Fig. 3a). In contrast, single tire-type treatments 
showed substantially greater net shifts in ordina­
tion space (Fig. 3b, c). We also toim d m arked dif­
ferences in the responses of the single tire-type 
treatments. Many of the prior wildtire-only plots 
contained greater proportions of resprouting 
shm bs prior to Las Conchas and shitted farther 
tow ard shm b dominance (NMS axis 1; Fig. 3b) 
following rebum ing. Higher pre-Las Conchas 
shm b dominance in wildtire-only com pared to 
Rx-only perimeters m ay have been im parted by 
greater severity of wildfire during drier and hot­
ter conditions than are typical tor prescribed tire. 

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

Rx + w ildfire {n =  37) Rx only {n ^  27) W ildfire only {n = 15) N o 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 w oody

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 w oody
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 ± 1 70 .5 809.3 ±  434.6 0.4 ±  1.6 590.6 ±  135.8 128.2 ±  124.8

D ead 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 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
(m^/ha)

D ead basal area 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
(m^/ha)

Notes: Fine w oody debris refers to 1-, 10-, and 100-h fuels; coarse w oody debris refers to 1000-h fuels. Values of mass, den­
sity, and area are m ean ±  one standard  deviation.

For example, nitrogen losses increase w ith tire 
severity (Belillas and Feller 1998), and one of the 
m ain shm b species more common in wildfire 
than prescribed tire units. New  Mexico locust 
{Robinia neomexicana), is a nitrogen-tixer. Once 
established, resprouting woody species appear 
to benefit trom  subsequent wildfire (Coop et al. 
2016, Guiterm an et al. 2017). In contrast, pre-Las 
Conchas Rx-only plots generally exhibited more 
torest cover, and less shm b or herbaceous cover, 
than prior wildtire-only plots (Fig. 3c). However, 
these Rx-only plots show ed shifts toward

decreased tree cover and increased herb and 
shm b cover upon  rebum ing, shitting tow ard the 
same central portion of ordination space that 
was occupied by pre-Las Conchas prior wildfire 
plots.

The Las Conchas tire drove the m aximum 
compositional change in torest stands w ith no 
prior exposure to tire (Fig. 3d), which were 
nearly uniformly converted trom  torest to non- 
torest. Early post-tire composition of these sites 
was largely herb-dom inated, suggesting that the 
resprouting woody species common to wildtire- 
only treatments were less frequent in forests 
w ith no recent tire exposure, and had  not yet 
become widely established five years after Las 
Conchas tire. Though the duration of these torest 
to non-torest conversions is not yet known, we 
anticipate limited propagule availability of obli­
gate-seeding coniters 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 M ast (2005) recorded tire-dri­
ven shifts trom  ponderosa pine to non-torested 
communities that had persisted at least three to 
six decades, including w ithin the La Mesa tire in 
our study area. In the H aym an b u m  in Colorado, 
Chambers et al. (2016) determ ined that areas 
>50 m  trom  a seed source were not recovering 
tow ard pre-tire ponderosa pine torest densities 
15 yr post-tire, and suggested that recovery in 
these areas w ould take m any additional decades 
to centuries, even assuming a favorable climate

WALKER ET AL.
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and no further disturbance. In comparison, 
w ithin 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 m ean 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.
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Fig. 4. Relationships (Pearson's r) between burn  severity and four fuel measures: (a) litter + duff, (b) fine 
w oody debris (1-, 10-, 100-h), (c) coarse w oody debris (1000-h), and (d) tree density, m easured at perm anent fire 
effects sample plots, by fire history treatment.

Table 4. Parsimonious sim ultaneous autoregressive 
m odel of b u m  severity (differenced norm alized b um  
ratio) predicted by pre-Las Conchas surface fuel 
loads and live tree density.

Factor p SE P

Intercept
Fine w oody debris
Coarse w oody debris

25.43
11.85
1.65

77.62
3.73
0.65

***
*

Tree density (live + dead) 0.07 0.04 0.088

Notes: SE, standard  error. Fine w oody debris refers to 1-, 
10-, and  100-h fuels; coarse w oody debris refers to 1000-h 
fuels. Model n =  95; Akaike inform ation criterion = 1259;
P < 0.001; Nagelkerke pseudo-R 0.71; 01 =  0.05.

*P < 0.05, ***P < 0.001.
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Satellite-inferred b u m  severity and fire- 
induced tree mortality were associated w ith sur­
face fuel loads, but less so w ith m easured attri­
butes of stand stm cture (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 m oved into any given stand and 
(2) precluded transition from surface fire to 
crown fire as fire m oved through the stand 
(Rothermel 1983, Scott and Reinhardt 2001). 
Prior wildfire resulting in patchy canopy open­
ings (not examined here) w ould 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 m anagem ent emits was consistent w ith 
reductions associated w ith repeated exposure to 
fire (i.e., combined prior wildfire and prescribed 
fire; Fig. 4a-c, Table 3). Similarly, van M antgem 
et al. (2016) found that repeated prescribed fires 
resulted in substantially greater surface fuel 
reductions than a single fire. Huffm an et al. 
(2018) examined the influences of repeated 
resource objective wildfire (natural ignitions 
allowed to b u m  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 
prim arily to cleanup effects of the second fire 
removing fuels in places that were missed by the 
first (Huffman et al. 2018). O ur best-fitting SAR 
model (Table 4) included two surface fuel terms 
as predictors of Las Conchas b u m  severity, fine 
woody debris, and coarse w oody debris. Tree 
density was also retained in this model, though 
w ith 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 m ature tree 
density.

Variation w ithin each of the five m anagem ent 
emits and perm anent plots used to sample pre- 
and post-Las Conchas fuels and stand stm cture 
provided insights into the mechanisms driving

pattem s and variability of fire effects across the 
study area. However, concentrations of fuels 
w ithin specific units m ay provide a limited rep­
resentation relative to the more comprehensive 
coverage of the satellite-inferred bu m  severity 
and field vegetation samples. While fuel avail­
ability was identified as an im portant mechanism 
in determ ining b u m  severity and tree mortality, 
models also indicated that two topographic fac­
tors, elevation and slope, were associated with 
variation in bu m  severity across the study area 
(Table 2). The positive relationship between bum  
severity and elevation m ay 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 b u m  severity (Table 2), dem onstrating the 
potential of repeated fire exposure as a m anage­
m ent tool for restoring and enhancing forest 
landscape resilience.

Management implications and conclusions
Retention of ponderosa pine and dry mixed- 
nifer forests facing increasing wildfire activity 
mpels the restoration of forest and fuel stmc- 
res conducive to frequent, low-severity fire 
ovington et al. 1997, M ast et al. 1999). Our 

sults are consistent w ith num erous observa­
onal studies dem onstrating that prescribed fire, 
source objective wildfire, and especially 
quential exposure to fire, can yield stand con­

itions aligned w ith fuel mitigation objectives 
d reduced bu m  severity of subsequent wildfire 
inney et al. 2005, H im ter et al. 2011, Larson 
 al. 2013, Stevens-Rumann et al. 2013, van 
antgem  et al. 2016, Huffm an et al. 2017, Lyder- 
n et al. 2017). It has been suggested that the 
rrent pace and scale of fuel reduction treat­
ents are not adequate in addressing the large 
panses of forests lands in need of restoration 
yan et al. 2013, N orth et al. 2012). Conse­
ently, our results suggest that expanding area 

eated in terms of prescribed fire and allowing 
re to b u m  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 prim ary factors are know n to govern fire 
behavior: weather, topography, and fuels, of 
which only fuels can be directly controlled 
through m anagem ent 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, N orth et al. 
2015). M anagers m ay 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 prom oting multiple short-interval fire 
entries. The use of repeated resource benefit and 
prescribed fire m ay also facilitate burning at low 
to m oderate severity under mild weather condi­
tions. In contrast, a fire, such as Las Conchas, 
which bum ed largely under extreme weather 
conditions, drove high forest m ortality even in 
some areas that had  been exposed to a single 
prior wildfire or prescribed fire (Table 3), and 
resultant dead and dow n fuel loads and shifts 
tow ard m deral and shm bby 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 m anagem ent objectives, 
our study also suggests that the benefits of fire 
m ay be optim ized 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), 
dow ned and dead woody materials m ay 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 w ould 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 
bum ing can eliminate post-fire regeneration by 
obligate-seeding tree species, and m ay promote 
the maintenance of stable, non-forested altemate

states (Coop et al. 2016). Effects and interactions 
of repeated wildfires are complex (Prichard 
et al. 2017), and m anagem ent of post-fire land­
scapes will require type- and location-specific 
nuance that m ay entail balancing sometimes 
competing objectives of residual forest resistance 
to rebum ing, forest recovery in non-forested 
b u m  interiors, and general landscape resilience.

In our study system, the additive effects of 
repeated exposure to fire reduced the likeli­
hood of shifts tow ard successional trajectories 
conducive to enduring conversions to non- 
forested states (Savage and M ast 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- 
m ediated 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 m em ­
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).
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