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ABSTRACT

Prescribed fire is a primary tool used
to restore western forests following
more than a century of fire exclusion,
reducing fire hazard by removing
dead and live fuels (small trees and
shrubs). It is commonly assumed that
the reduced forest density following
prescribed fire also reduces competi-
tion for resources among the remain-
ing trees, so that the remaining trees
are more resistant (more likely to sur-
vive) in the face of additional stress-
ors, such as drought. Yet this proposi-
tion remains largely untested, so that
managers do not have the basic infor-
mation to evaluate whether prescribed
fire may help forests adapt to a future
of more frequent and severe drought.

During the third year of drought, in
2014, we surveyed 9950 trees in 38
burned and 18 unburned mixed coni-
fer forest plots at low elevation
(<2100 m a.s.l.) in Kings Canyon, Se-
quoia, and Yosemite national parks in
California, USA. Fire had occurred in
the burned plots from 6 yr to 28 yr be-

RESUMEN

El fuego prescripto es una herramienta primor-
dial utilizada para restaurar los bosques del oes-
te de los EEUU luego de mas de una centuria
de exclusion del fuego, reduciendo el peligro de
incendios mediante la remocion de combusti-
bles vivos y muertos (pequefios arboles y arbus-
tos). Se asume comunmente que la reduccion
en la densidad del bosque luego de un fuego
prescripto también reduce la competencia por
los recursos entre los arboles remanentes, de
manera tal que éstos son mas resistentes (tienen
mas probabilidad de sobrevivir) frente a un es-
trés adicional como la sequia. Sin embargo esta
suposicion permanece aun sin verificar, por lo
cual los gestores no tienen informacion basica
para evaluar si el fuego prescripto puede ayudar
a los bosques a adaptarse a un futuro con se-
quias mas frecuentes y severas.

Durante el tercer afio de sequia, en 2014, rele-
vamos datos de 9950 arboles en 38 parcelas
quemadas y 18 parcelas sin quemar en bosques
mixtos de coniferas de elevaciones bajas
(<2100 msnm) en los parques nacionales de
Kings Canyon, Sequoia, y Yosemite en Califor-
nia, EEUU. El fuego habia ocurrido en las par-
celas quemadas entre 6 afios y 28 afios antes de
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fore our survey. After accounting for
differences in individual tree diameter,
common conifer species found in the
burned plots had significantly reduced
probability of mortality compared to
unburned plots during the drought.
Stand density (stems ha') was signifi-
cantly lower in burned versus un-
burned sites, supporting the idea that
reduced competition may be responsi-
ble for the differential drought mortali-
ty response. At the time of writing, we
are not sure if burned stands will main-
tain lower tree mortality probabilities
in the face of the continued, severe
drought of 2015. Future work should
aim to better identify drought response
mechanisms and how these may vary
across other forest types and regions,
particularly in other areas experiencing
severe drought in the Sierra Nevada
and on the Colorado Plateau.
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nuestro relevamiento. Después de considerar
las diferencias en el diametro individual de los
arboles y durante la sequia, las especies de co-
niferas encontradas en las parcelas quemadas
redujeron significativamente la probabilidad
de muerte comparadas con las parcelas no que-
madas. La densidad del rodal (fustes ha™') fue
significativamente menor en sitios quemados
versus los no quemados, apoyando la idea que
una reduccion en la competencia puede ser la
responsable de la mortalidad diferencial en
respuesta a la sequia. En el momento de escri-
bir este articulo, no estamos seguros si los ro-
dales quemados mantendran una mortalidad
baja en vistas a la sequia continua y severa de
2015. El trabajo a futuro deberia apuntar a
identificar mejor los mecanismos de respuesta
a la sequia y como éstos pueden variar en otros
tipos de bosques y regiones, particularmente
en otras areas que estan experimentando se-
quias severas en Sierra Nevada y en la meseta
de Colorado.
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INTRODUCTION

Drought is a major disturbance agent in
forest ecosystems, causing tree mortality di-
rectly (Adams et al. 2009) or by making trees
more vulnerable to insects (bark beetles) or
pathogens (Weed et al. 2013). While reduced
precipitation often defines drought, higher
temperatures lead to increased evapotranspira-
tion that also causes drought stress. Indeed,
chronic drought caused by long-term warming
trends is believed to be an underlying cause of
increased “background” (non-catastrophic)
tree mortality across western North America
(van Mantgem et al. 2009, Peng et al. 2011).
Recent observations from the American South-
west have shown that the co-occurrence of re-

duced precipitation and high tempera-
tures—hotter  drought” (Allen et al
2015)—can lead to massive forest die-back, in
which entire stands are lost (Breshears et al.
2005, Allen et al. 2010).

Fire exclusion has also led to unforeseen
changes in many western forests, particularly
in those forests that historically experienced
high frequency and low severity fire (Allen et
al. 2002, Brown et al. 2004, Agee and Skinner
2005, Noss et al. 2006). Fire exclusion in
these forests has typically resulted in high fuel
accumulations, high densities of trees, and in-
creasing dominance of fire-intolerant species.
In response, many public land agencies sup-
port large prescribed fire programs aimed at
reducing understory fuels and forest density.
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Prescribed fire has been generally successful
at reducing severe fire hazard (van Wagten-
donk 1996, Hurteau and North 2009, Fulé et
al. 2012) by removing surface fuels, along
with shrubs and small trees (ladder fuels). It is
commonly assumed that following fire there is
less competition among remaining trees so that
they have increased resistance (more likely to
survive) to additional stressors, such as
drought.

Published findings on mechanical thinning
and drought response provide mixed results.
Thomas and Waring (2014) suggested that me-
chanical thinning treatments conferred im-
proved forest resistance (remaining unchanged
when subjected to disturbance) and resilience
(capacity to return to original conditions) to
drought. Other work suggests that the influ-
ence of mechanical thinning may be condi-
tional on timing of treatments, the size struc-
ture of residual trees, and potential threshold
responses (D’Amato et al. 2013). Moreover,
the response of individual trees to drought is
likely complex, partially dependent on local
competitive environments and cumulative im-
pacts of past drought events (Macalady and
Bugmann 2014).

Can prescribed fire create conditions that
enhance forest drought resistance? The an-
swer to this question has profound implica-
tions for forest management over the coming
decades. Drought-induced forest decline was
identified as a key emerging threat to US for-
ests in the recent National Climate Assessment
(Joyce et al. 2014). Indeed, drought is expect-
ed to be more frequent and severe in coming
decades across the southwestern United States
(Garfin et al. 2014, Cook et al. 2015), under-
scoring the importance for land management
agencies to develop cost-effective adaptation
strategies to drought (Millar et al. 2007). Pre-
scribed fire may serve as an adaptation tool,
helping forests withstand expected warmer
and drier future conditions, but this effect re-
mains largely untested. California is currently
experiencing its most severe drought in at least
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the last 120 years, and perhaps as much as a
millennium, driven by low precipitation and
record high temperatures (Griffin and Anchu-
kaitis 2014). Aerial observations across Cali-
fornia suggest that by 2014 forests at lower el-
evations experienced significant drought stress
(Asner et al. 2016). We used this drought as a
natural experiment, assessing whether or not
past prescribed fires were associated with in-
creased drought resistance (reduced tree mor-
tality) in low elevation forests (<2100 m a.s.l.)
at three national parks in the southern Sierra
Nevada of California, USA.

METHODS
Study Area

We sampled burned and unburned mixed
conifer forests in Kings Canyon, Sequoia, and
Yosemite national parks (Table 1, Figure 1).
Lower elevation forests at these parks were
observed to be responding to drought with ele-
vated mortality by 2014 (Figure 2), while for-
ests at higher elevations did not visibly display
elevated mortality by 2014. Prior to the initia-
tion of a prescribed burn program or the man-
agement of lightning ignited fires by the parks
in the late 1960s, these forests generally had
not burned since the 1860s or 1870s (Schwilk
et al. 2006, Swetnam et al. 2009). The climate
of this area is mediterranean, with wet, snowy
winters and long, dry summers. The weather
station at Grant Grove (2011 m elevation
a.s.l.), near the majority of our plots, reported
annual average minimum and maximum air
temperatures of 1.9°C and 13.6°C, and mean
annual precipitation of 109 cm (30 yr average,
1951 to 1980). Compared to these long-term
averages, 2013 and 2014 were unusually hot
and dry. Average annual minimum and maxi-
mum air temperatures for these years were
3.1°C and 15.8°C, with mean annual precipi-
tation of 59 cm. The Yosemite Valley weather
station (1210 m elevation a.s.l.) reported simi-
lar trends.
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Table 1. Summary statistics of burned and unburned forest monitoring plots. Average values (£1 stan-
dard deviation) are presented for plot elevation, stand density, stand basal area, and quadratic mean stem
diameter (QMD). Note that slope measurements were missing for one burned plot and for five unburned
plots. Live and dead tree summary statistics in 2014, with species composition presented in terms of pro-
portional basal area.

Plot Plot count Elevation Slope Aspect Density Basal area QMD
type (n) (m) (%) ©) (trees ha')  (m? ha') (cm)
38 1901 £ 152 21+£15 187 +114  414+358 72.6+£949 52.9+30.7
z Tree status Tree count QMD (cm) Species comprising >1 % of basal area*
£ ABCO 35%, CADE 19 %, PIPO 9%, PILA 8%,
& Live 2100 53.1+30.7 QUCH 8%, SEGI 8%, QUKE 6%, PIXX 2%, CONU
1%, PIJE 1%, TOCA 1%
ABCO 54%, CADE 21 %, PILA 16 %, PIJE 4%, PIPO
Dead 57 33.7+40.7 4%, PIXX 2%
Plot count Elevation Slope Aspect Density Basal area QMD
(n) (m) (%) ©) (trees ha’)  (m? ha') (cm)
18 1804 +219 17+ 13 167 =89 894 +540 70.1+31.9 354+13.0
<
£ Tree status Tree count QMD (cm) Species comprising >1 % of basal area*
=
2 . ABCO 41%, CADE 35 %, QUKE 9%, PILA 8%,
E Live 7435 357131 pipG 39, QUCH 2%, ABMA 1%, CONU 1%
Dead 358 145486 CADE 39%, ABCO 26 %, PILA 14%, PIPO 10 %,

QUKE 10%

*Percentages may not add to 100 due to rounding. ABCO = Abies concolor, ABMA = A. magnifica Andr. Murray, CADE = Calo-
cedrus decurrens, CONU = Cornus nuttallii Audubon, PUE = Pinus jeffreyi Grev. & Balf., PILA = P. lambertiana, PIPO = P.
ponderosa, PIXX = unknown Pinus, QUCH = Quercus chrysolepis Liebm., QUKE = Q. kelloggii Newb., SEGI = Sequoiaden-
dron giganteum (Lindley) Buchholz, TOCA = Torreya californica Torrey.

Data Sources

We used two primary data sources for this
project: the US Geological Survey-led Sierra
Nevada Forest Dynamics Plot Network (van
Mantgem and Stephenson 2007) and the Na-
tional Park Service fire effects monitoring
(FMH) plots for Sequoia and Kings Canyon
national parks (NPS 2003). The Sierra Neva-
da Forest Dynamics Plot Network is a globally
unique and ongoing plot-based forest monitor-
ing project that has annually tracked the birth,
death, and growth of nearly 30000 individual
trees across all major forest types on the west-
ern slope of the Sierra Nevada since the early

1980s. This network includes several plots in
low elevation forests with and without a recent
history of prescribed fire. The FMH fire ef-
fects monitoring data records forest conditions
before and after prescribed fire. Sequoia and
Kings Canyon national parks were -early
adopters of these fire-effects monitoring proto-
cols and have maintained an active program
since the 1980s. Stand conditions at these
sites differ according to pre-fire conditions and
variability in fire effects. This plot-based pro-
gram also tracks individual tree birth, death
and growth, but at staggered intervals (typical-
ly pre-fire, and post fire at 0-, 1-, 2-, 5-, 10-
year intervals, and every 10 yr thereafter).
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Figure 1. Locations of burned an unburned plots
used for analysis at Kings Canyon, Sequoia, and
Yosemite national parks, California, USA.

Figure 2. Drought-related tree mortality at a low
elevation forest in Sequoia National Park. Photo
credit: Nate Stephenson, US Geological Survey.

There are a number of unburned FMH plots,
established as unburned reference sites or pri-
or to a prescribed fire that then did not occur.
A major difference between these monitoring
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programs is plot size, with the Sierra Nevada
Forest Dynamics plots generally at 1.0 ha, and
the FMH plots at 0.1 ha. However, model test-
ing did not provide evidence for systematic
differences between individual tree response
in the Sierra Nevada Forest Dynamics and
FMH plot networks. Similarly, the single
large plot at Yosemite National Park was com-
posed of the same vegetation type as the other
plots, met our criteria for analysis, and testing
did not reveal significant differences in the
mortality response in this plot compared to the
plots found in Kings Canyon and Sequoia na-
tional parks.

In 2014, we conducted mortality assess-
ments of trees that had died in 2013 or 2014
for individually marked trees in mixed conifer
forests at all Sierra Nevada Forest Dynamics
plots, and all FMH plots at Sequoia and Kings
Canyon national parks. We considered only
low elevation forests, here defined as <2100 m
a.s.l., which is the upper elevation boundary of
ponderosa pine forests in the southern Sierra
Nevada (Fites-Kaufman er al. 2007). We
wanted to avoid measuring fire-caused tree
mortality, and so excluded plots that had been
burned <5 yr prior (van Mantgem et al. 2011).
We focused on tree survivorship as an immedi-
ate drought response, noting if individual trees
were alive or dead (no green needles). For the
Sierra Nevada Forest Dynamics plots, annual
assessments of tree mortality allowed observa-
tions of the exact year in which tree mortality
occurred. Assessing trees that had died in
2013 or 2014 in the FMH plots was less
straightforward; we excluded trees that were
listed as dead in previous years and counted
trees as newly dead within the past two years
if they were retaining dead reddish needles
and did not have a past history of severe crown
scorch (>90% crown volume scorch). Dead
trees meeting these criteria in the FMH plots
were scarce, so to increase our sample size of
dead trees we expanded each side of the FMH
plot by 10 m, covering an additional 0.18 ha to
search for dead trees only. Our final sample
was 9353 live trees and 415 dead trees in 38
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burned and 18 unburned plots at Kings Can-
yon, Sequoia, and Yosemite national parks.
Fire had occurred in the burned plots from 6 yr
to 28 yr before our survey. For a subset of our
plots, prescribed fire had been applied once
(14 plots) or twice (4 plots) prior to the most
recent prescribed fire. A history of repeated
prescribed fire did not appear to influence our
results.

Analyses

We compared burned and unburned plots
in terms of stem density (trees ha'), stand bas-
al area (m” ha'), and quadratic mean diameter
using randomization tests, creating 1000 sam-
ples with replacement (Manly 1997). We
compared the proportion of stem density com-
posed of dead versus live trees in burned and
unburned stands with logistic regression, using
a quasi-binomial response distribution to ac-
count for overdispersion. While this analysis
shows differences in the observations of tree
mortalities between burned and unburned
plots, these differences may arise from the un-
burned plots having greater numbers of small
trees that may be at higher risk of mortality.
To account for differences across stem sizes,
we estimated individual tree mortality proba-
bilities for our most common conifer species,
which included white fir (ABCO, Abies con-
color [Gordon & Glend.] Lindley, n = 3759
live trees and 123 dead trees), incense cedar
(CADE, Calocedrus decurrens [Torrey] Flo-
rin, n = 3021 live trees and 152 dead trees),
sugar pine (PILA, Pinus lambertiana Douglas,
n =777 live trees and 59 dead trees), and pon-
derosa pine (PIPO, P. ponderosa Laws, n =
428 live trees and 39 dead trees). Other coni-
fers were sparse (generally fewer than 100 in-
dividuals) or lacked observations of mortality.
We used generalized linear mixed models
(GLMM, Gelman and Hill 2007) to estimate
individual tree mortality probabilities, which
allows us to analyze tree status (0 = live, 1 =
dead), considering both individual-level vari-
ables (characteristics of individual trees) and
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plot-level variation. Our base model estimated
two-year (2013 and 2014) mortality probabili-
ty m, of tree 7 in plot j as:

logit(mij) =B, a+ (BlogDBH X logDBHij) +
(B cape Spp CADE;'/') + (BP[LA x Spp P]LAij) +
(BPIPO x Spp PIPOij)’ (1)

a, ~N(0,6?),

where logDBH is the log-transformed (base
10) DBH (stem diameter at breast height, 1.37
m), and Spp is an indicator variable for species
identity, with white fir (ABCO) used as the
reference species. The variable a, represents
plot-level variations in the regression inter-
cept. We considered varying-intercepts with
varying-slope models, but these formulations
did not improve model performance. We eval-
uated improvements to this base model with
additional variables, including a term for a his-
tory of prescribed burning.

Selection for the GLMMs was done using
the Akaike Information Criterion adjusted for
sample size (AICc) (Burnham and Anderson
2002), with differences in AICc (AAICc) >2
used as evidence of substantial model dissimi-
larity. We used the area under the receiver op-
erating characteristic curve (AUC, Saveland
and Neuenschwander 1990) to characterize
candidate model accuracy (predicted propor-
tions of Type I and Type II errors), with values
of AUC >0.70 suggesting acceptable model
accuracy (Hosmer and Lemeshow 2000).
Model fit was checked by binning the data and
plotting average predicted mortality probabili-
ty against the observed proportion of dead
trees. The proportion of variation explained
using the individual-level variables only (mar-
ginal R?) and the combined individual- and
plot-level variables (conditional R?) of the fit-
ted models were calculated following Nakaga-
wa and Schielzeth (2013). We calculated
bootstrapped (1000 realizations) confidence
intervals for parameter estimates from the
models with the best support according to
AlICc. Analyses were conducted using the R



Fire Ecology Volume 12, Issue 1, 2016
doi: 10.4996/fireecology. 1201013

statistical language (R Development Core
Team 2015) with the Ime4 (Bates et al. 2015)
and MuMIn (Barton 2015) packages.

RESULTS

The burned and unburned plots were dif-
ferent in some dimensions of stand condition
in 2014 (Table 1). The average length of time
since prescribed fire in the burned plots was 15
yr, while the unburned plots likely had not ex-
perienced fire for >100 yr (Schwilk et al. 2006,
Swetnam et al. 2009). The burned plots had
lower average stem density in the burned plots
compared to the unburned plots (randomiza-
tion test, P = 0.001). In contrast, burned plots
had slightly higher average basal area com-
pared to unburned plots, but this difference
was non-significant (randomization test, P =
0.417). Quadratic mean diameter was greater
in the burned plots compared to the unburned
plots (randomization test, P = 0.001). Logistic
regression indicated that the density of recent-
ly dead trees was negatively related to a histo-
ry of prescribed fire (B, ... +1SE=-1.62+
0.44, P <0.001).

GLMM results showed that the two-year
(2013 and 2014) probability of individual tree
mortality varied by tree size (logDBH), spe-
cies identity (Spp), and history of prescribed
burning (BurnStatus) (Tables 2 and 3). Com-
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mon conifer species appeared to respond
somewhat individualistically to a history of
prescribed burning (i.e., there was support for
Spp * BurnStatus interaction terms), with Pi-
nus species having the greatest sensitivity to
history of prescribed burning. Individual tree
mortality probabilities also varied substantial-
ly with size among species. Residual plots did
not suggest model misspecifications and AUC
= 0.77. Adding an additional term for the
years since prescribed burning was not sup-
ported (AAICc = 0.19). The individual-level
effects of the model explained a relatively low
amount of variation in tree mortality (marginal
R? = 0.11), although the inclusion of the
plot-level effect improved the model perfor-
mance (conditional R? = 0.37). Excluding the
BurnStatus term resulted in a relatively large
proportional reduction in the marginal R? (mar-
ginal R? = 0.05). Prediction plots show that
trees in plots that experienced prescribed fire
had lower mortality probabilities (with some
overlap in confidence intervals, particularly
for white fir), and that these differences were
most pronounced in small trees (Figure 3).

DISCUSSION

Our results suggest that a common forest
restoration tool, prescribed fire, may increase
resistance to drought. After accounting for

Table 2. Model selection for GLMMs of two-year tree mortality probabilities for common conifers, in-
cluding terms for tree size (logDBH, log-transformed stem diameter), species identity (Spp), and history of
prescribed fire (BurnStatus, unburned or past prescribed fire) using AICc. Evidence for substantial model

dissimilarity was AAICc > 2.

Model class Model predictors df loglikelihood AICc AAICc
logDBH + Spp 6 —1381 2773 14.6
Base model
logDBH % Spp 9 —-1375 2769 10.0
logDBH % Spp + BurnStatus 10 —-1371 2762 33
BurnStatus logDBH * Spp + BurnStatus < logDBH 11 -1371 2764 5.1
logDBH * Spp + BurnStatus * Spp 13 —1366 2759 0.0
logDBH * Spp * BurnStatus 17 —1366 2766 7.3
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Table 3. GLMM parameter estimates for individual-level effects of two-year tree mortality probabilities
for common conifers. Species differences are shown relative to white fir (ABCO). Species codes follow
Table 1 and model terms follow Table 2. Parameter 95 % confidence intervals were derived from 1000

bootstrapped samples.

Individual-level effect Estimate Standard error 95 % CI
logDBH —0.85 0.16 —1.11 to —0.55
SPP .1 -0.41 0.20 —0.84 to —0.01
NI 0.44 0.24 —0.02 to 0.88
SPP oo 0.66 0.32 —0.07 to 1.30
logDBH % Spp..,.. 0.47 0.21 0.09 to 0.84
logDBH * Spp,,. . 0.63 0.25 0.18 to 1.04
logDBH > Spp,,..., -0.07 0.33 —0.96 t0 0.61
BurnStatus —0.84 0.48 —1.88 t0 0.08
BurnStatus % Spp.,.. —0.56 0.42 -2.19 t0 0.47
BurnStatus % Spp,,,, , —0.83 0.49 —2.47 t0 0.26
BurnStatus < Spp, .., -2.00 0.84 —9.98 to —0.38

differences in individual tree diameter, com-
mon conifer species found in plots with a his-
tory of prescribed fire had significantly re-
duced mortality probabilities compared to
trees in unburned plots. Small trees had high
mortality probabilities, but the effect of past
prescribed fire did not appear to be dependent
on tree size (i.e., there was not strong support
for an interaction between logDBH and Burn-
Status). The support for the interaction term
between species identity and history of pre-
scribed burning suggests that Pinus species
may be particularly sensitive to changes in
stand conditions. Stand density (stems ha')
was significantly lower in burned versus un-
burned sites, supporting the idea that reduced
competition may be at least partly responsible
for the differential drought mortality response.
However, basal area (m? ha') was not signifi-
cantly lower in burned versus unburned sites,
so the role of competition in determining the
differential mortality response is not clear.

At the time of writing, we are not sure if
burned stands will maintain lower tree mortal-
ity probabilities in the face of the continued,
severe drought of 2015. Future work should
aim to better identify drought response mecha-

nisms. While the causal links among pre-
scribed fire, reduced stand density, and re-
duced mortality under drought are intuitively
appealing, our data were insufficient to test
this directly. Plot sizes were generally too
small (0.1 ha) to confidently measure individu-
al-level competitive interactions (i.e., many
trees will be at the plot margins, with unknown
competitive environments outside of the plot
boundary) (Das 2012). We also did not collect
information on other potentially important
mortality predictors, such as individual tree
growth history (Das et al. 2007), insect and
pathogen pressure, and plot-level environmen-
tal conditions (e.g., soil depth or water holding
capacity). Future work should attempt to com-
bine both direct and indirect influences of tree
mortality across a broader geographic area,
likely using a more sophisticated analytical
framework such as structural equation models
(Youngblood et al. 2009).

While reconstructing historical forest
structure is problematic (Stephenson 1999),
recent analyses of inventories of productive
ponderosa pine forests conducted in 1911 for
trees >15.2 cm DBH near our study sites iden-
tified average stand densities of 72.7 trees ha’!



Fire Ecology Volume 12, Issue 1, 2016
doi: 10.4996/fireecology. 1201013

van Mantgem et al.: Does Prescribed Fire Promote Resistance to Drought?

Diameter at breast height (cm)

Page 21
0.4 white fir — Burned 0.4+ incense cedar
----- Unburned

0.3 0.3+
., 0.2 0.2-
= |
© a
T 014 0.1
o 3 .
& e — T
HC—) 0.0 0.0+
> 0 25 50 75 100 0 25 50 75 100
)
-8 0.4 sugar pine 0.4+ ponderosa pine
0
O
o 0.3 0.3,
- :
8 :
?‘ 0.2 0.2
g : :

0.1 ™ee___ 0.14 &
F 7 |

0.0 004 —r--—-——

0 25 50 75 100 0 25 50 75 100

Figure 3. Predicted individual tree mortality probabilities for common conifer species in burned and un-
burned plots. The heavy lines represent modeled average trends and the shaded band represents 95%
bootstrapped confidence intervals from uncertainty in the average mortality probability.

and basal area of 21.5 m? ha! (Collins et al.
2015). Using the same stem diameter range,
our burned plots had an average stand density
of 159 trees ha™! and average basal area of 74.0
m? ha!. These statistics suggest that, even af-
ter prescribed burning, our forests contain
many more trees relative to estimates of his-
torical averages. It could be that forests with

structures more closely approximating these
presumed historical conditions may be more
resistant and resilient (sensu Walker et al.
2004) to drought.

It may be possible to eventually manage
for drought resistant and resilient forest struc-
tures. Such knowledge would provide a target
when designing prescriptions using fire (per-



Fire Ecology Volume 12, Issue 1, 2016
doi: 10.4996/fireecology. 1201013

haps in combination with mechanical thin-
ning) under expected future climatic condi-
tions. We currently do not know if prescribed
fire prescriptions will need to be more aggres-
sive to promote resistance and resilient to
drought. If prescribed prescriptions do need to
be more aggressive, how much and under what
conditions? These are critical management
concerns, as many regions in the western Unit-
ed States are expected to see increased fre-
quency and intensity of both drought and wild-
fire (Littell et al. 2009, Williams et al. 2012,
Cook et al. 2015). It may be possible that pre-
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scribed fire can serve as an adaptation tool for
both of these threats, using existing resources
and human capital. Yet many barriers exist to
maintaining, let alone expanding, the deploy-
ment of prescribed fire, particularly logistical
constraints and air quality concerns (Ryan et
al. 2013). Our study also underscores the need
to maintain plot-based forest monitoring net-
works, in both treated and untreated stands, to
gauge the success of prescribed fire. Over-
coming obstacles to the use of prescribed fire
may prove crucial to the future integrity of
western forests.
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