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ABSTRACT

Prescribed fire is widely applied in
western US forests to limit future
fire severity by reducing tree densi-
ty, fuels, and excessive seedlings.
Repeated prescribed burning at-
tempts to simulate historical fire re-
gimes in frequent-fire forests, yet
there is limited long-term informa-
tion regarding optimal burn season
and frequency. In addition, burns
are operationally feasible only in the
spring and late fall, largely outside
the historical wildfire season. This
study quantifies the effect of season-
al reburns on woody surface fuels,
forest floor fuels, and understory
tree regeneration abundance in six
previously thinned ponderosa pine
(Pinus ponderosa Lawson & C.
Lawson) stands in the southern Blue
Mountain Ecoregion of Oregon,
USA. Each stand consisted of an
unburned control, and four season
by reburn treatments: spring 5 yr,
spring 15 yr, fall 5 yr, and fall 15 yr.
We evaluated season and frequency
of reburn for woody surface fuel (1
hr to 1000 hr), forest floor fuel (lit-
ter and duff, undifferentiated), and
understory conifer seedling density
(regeneration). Burning was initiat-
ed in the fall of 1997 and spring of
1998; we present results in this pa-

RESUMEN

Las quemas prescritas se aplican de manera am-
plia en los bosques del oeste de los EEUU, para
limitar la severidad de fuegos futuros ya que re-
duce la densidad de arboles, el combustible y la
cantidad excesiva de renovales. Las quemas re-
petidas intentan simular el régimen de fuegos his-
toricos en bosques con fuegos frecuentes, aunque
la informacion a largo plazo respecto a la fre-
cuencia y la estacion dptima para quemar es esca-
sa. Ademas, las quemas son operacionalmente
factibles solo en la primavera y en el otofio tar-
dio, bastante por fuera de la estacion histérica de
incendios naturales. Este estudio cuantifica el
efecto de las quemas repetidas estacionalmente
en combustibles lefiosos superficiales, en com-
bustibles sobre el suelo forestal y en la abundan-
cia de la regeneracion de arboles en el estrato in-
ferior del bosque en seis rodales de pino pondero-
sa (Pinus ponderosa Lawson & C. Lawson), pre-
viamente raleados en la eco-region de las Monta-
fias Azules de Oregon, EEUU. Cada uno de los
rodales consistio en: un control sin quemar, y los
otros cuatro tratamientos con quemas repetidas:
en primavera cada 5 afos, en primavera cada 15
afios, en otofio cada 5 afios y en otofio cada 15
afios. Nosotros evaluamos la estacion y la fre-
cuencia para los combustibles lefiosos superficia-
les (1 h a 1000 h), combustibles sobre el suelo del
bosque (hojarasca y materia organica descom-
puesta, indiferenciada), y densidad de renovales
de coniferas en el estrato inferior del bosque (re-
generacion). Las quemas fueron iniciadas en el
otofio de 1997 y en la primavera de 1998; noso-
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per through 2014 for fuel, and 2015
for seedlings. All reburn treatments
reduced the forest floor depth com-
pared to those areas not burned
(controls). Fall burning, regardless
of frequency, generated 1000 hr
fuel primarily from overstory mor-
tality resulting from the initial entry
burns and subsequent snag and
branch fall. But, for the other
woody fuel types, reburning had
minimal impact, regardless of sea-
son or frequency. All reburn treat-
ments reduced regeneration surviv-
al, but 5 yr fall reburning was most
effective in reducing excessive co-
nifer seedlings. Repeated spring or
fall reburns following thinning will
reduce forest floor depth but, to
achieve low woody fuel loads and
control excessive conifer regenera-
tion, it may be necessary to conduct
reburns using different timing, such
as during drier periods when wild-
fire ignitions by lightning occurred
historically.
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tros presentamos en este trabajo los resultados
para combustibles durante el afio 2014 y para re-
novales durante el afo 2015. Todos los tratamien-
tos de quemas repetidas redujeron la profundidad
del suelo forestal comparado con aquellas areas
que no fueron quemadas (controles). Las quemas
de otofio, sin tener en cuenta la frecuencia, genera-
ron combustibles de 1000 h principalmente como
resultado de la mortalidad inicial por fuego del do-
sel superior y la subsecuente caida de troncos y ra-
mas. Pero para los otros tipos de combustible le-
noso, las quemas repetidas tuvieron un impacto
minimo, cualquiera fuese la estacion o la frecuen-
cia. Todos los tratamientos de quemas repetidas
redujeron la supervivencia de la regeneracion,
pero el tratamiento de quemas en otofio cada 5
afios fue el mas efectivo en reducir el exceso de
plantines de coniferas. Las quemas repetidas en
primavera u otoflo seguidas de raleos reduciran la
profundidad del suelo forestal, pero para lograr
cargas bajas de combustible lefioso y controlar la
excesiva cantidad de regeneracion de coniferas,
puede ser necesario conducir las quemas repetidas
utilizando diferentes momentos, como durante pe-
riodos mas secos cuando la ignicién de fuegos na-
turales por rayos han ocurrido histéricamente.
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INTRODUCTION

Prescribed fire is a widely applied tool for
lowering future wildfire severity in western
US ponderosa pine (Pinus ponderosa Lawson
& C. Lawson) forests by reducing tree density,
fuels, and excessive conifer seedlings (Agee
and Lolley 2006, Schwilk et al. 2009, Ste-
phens et al. 2009). Ponderosa pine forests are
widely distributed in North America (Mirov
1967), occurring primarily in low to mid ele-
vations that historically developed in conjunc-
tion with frequent low and mixed severity

Fire Ecology 13(3): 42-61. doi: 10.4996/

wildfires (Pyne 1982, Hessburg and Agee
2003). European settlement and related land
management practices such as fire suppression
and overgrazing interrupted the historical fire
regime, advancing secondary succession and
the creation of denser stands, accumulation of
woody and forest floor fuel, and greater fuel
connectivity, increasing the potential for
high-severity stand-replacing wildfire (Mutch
et al. 1993; Covington and Moore 1994; Agee
1996a, b, Belsky and Blumenthal 1997; Kolb
et al. 1998; Hessburg et al. 1999; Hessburg et
al. 2000; Hessburg et al. 2005; Marlon et al.
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2012). Anthropogenic climate change is fur-
ther contributing to increased forest distur-
bance occurrence (Westerling et al. 2006, Lit-
tell et al. 2009, Dennison et al. 2014), primari-
ly due to fuel aridity (Peterson and Marcin-
kowski 2014, Abatzoglou and Williams 2016).
In addition to greater risk of high-severity fire,
dense stand conditions and water deficits in-
crease forest susceptibility to disease and in-
sect attack (Castello et al. 1995, Covington et
al. 1997, Fettig et al. 2007).

While thinning and prescribed fire are
widely used and examined either alone or in
combination, studies in the western US that
examine more than a single season, burn entry,
or long-term results are rare. Thus, optimal re-
gimes necessary to reach and maintain desired
low fuel loads and limit conifer regeneration
are not well documented. Limited information
about treatment longevity in ponderosa pine
forests suggests that fuels can accumulate to
near pre-treatment levels within a few years
(Keifer et al. 2006, Chiono et al. 2012), and
treatments can promote abundant conifer re-
generation and survival (Bonnet et al. 2005,
Zald et al. 2008). Thus periodic reburning
through prescribed fire or managed wildfire is
necessary to retain resilient conditions in
which wildfire can occur without severely
damaging consequences (Agee 1996a, Mc-
Candliss 2002, Reinhardt et al. 2008, Stephens
et al. 2012, Vaillant et al. 2015).

Selection of reburn frequency is typically
guided by local and regional historical fire re-
turn interval information. The overall impact
on fuel loads of varying fire return frequency
is not well documented. More frequent burn-
ing is often assumed to reduce fuel loads more
effectively; however, longer fire return inter-
vals allow more fuel buildup (Keifer et al
2006, Chiono et al. 2012, Vaillant et al. 2015),
likely resulting in greater consumption when
burned. Mean fire return intervals (MFRI) for
ponderosa pine forests in the western US vary
from 3 yr to 43 yr, depending on climate, veg-
etation type, and topographic and geologic
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features that either restrict or facilitate fire
spread (Stephens and Moghaddas 2005). In
Oregon and Washington, MFRIs for ponderosa
pine forests range from 3 yr to 36 yr (Soeriaat-
madja 1966, Bork 1984, Heyerdahl et al. 2001,
Heyerdahl et al. 2008, Johnston 2016).

Prescribed burning is largely restricted to
two seasonal opportunities when weather and
moisture conditions exist to maintain control
and personnel are available to conduct the
burns: the spring following snow melt as fine
fuel begins to dry, but before extensive annual
vegetative growth, and late fall as tempera-
tures decrease and humidity rises. However,
in the US Intermountain West, the majority of
lightning-caused wildfire ignitions occur in
July and August in conjunction with the hot-
test and driest time of year (Westerling et al.
2003, Short 2015). In general, fall burns are
of higher severity (Ryan and Reinhardt 1988,
Thies et al. 2005, Fettig et al. 2010) due to
lower moisture in large fuels (Estes et al
2012), and consume more of the larger woody
fuels (Fettig et al. 2010) as well as forest floor
fuel (Perrakis and Agee 2006, Progar et al.
2017). Yet late spring burns can more effec-
tively reduce forest floor fuel than fall burns,
demonstrating that fuels are not always drier
and more extensively consumed in the fall as
compared to the spring (Kauffman and Martin
1989). But these results are from initial entry
burns following long periods of fire absence,
and may not be true of reburning.

We are aware of no long-term studies in
the western US in the published literature that
have measured fuel in relation to different sea-
sonal burn frequencies. The objectives of this
study are twofold: 1) compare the effect of re-
burn season (spring, fall) and frequency (5 yr
and 15 yr) on fuel in the ponderosa pine for-
ests of the southern Blue Mountain Ecoregion
of Oregon, and 2) describe the fuel dynamics
of 5 yr seasonal reburning in these same for-
ests. The fuel measured for both objectives in-
cludes dead and downed woody surface fuel,
forest floor depth, change in fuel load (con-
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sumption), and conifer regeneration. Our pre-
scribed fire treatments were selected based on
traditional seasonal burn windows available to
managers, on what was known about fire re-
turn intervals at the time the study was initiat-
ed in 1997, and on the management goal of re-
ducing woody surface fuel, limiting establish-
ment of seedlings and saplings, and reducing
potential fire severity. Early work in the re-
gion reported MFRIs ranging from 4 yr to 11
yr (Bork 1984), 3 yr to 36 yr (Soeriaatmadja
1966), and 15 yr (Agee 1996b). We hypothe-
sized that fuel loads would be reduced and co-
nifer regeneration controlled more by fall than
spring reburns, and reduced more by reburning
at 5 yr than 15 yr frequencies.

METHODS
Study Sites

We established this study in 1997 in six
stands of multi-aged ponderosa pine with scat-
tered mountain mahogany (Cercocarpus ledi-
folius Nutt.) and western juniper (Juniperus
occidentalis Hook.) in the southern Blue
Mountain Ecoregion of central eastern Oregon
(Emigrant Creek Ranger District, Malheur Na-
tional Forest). Four stands are in the eastern
part of the district (Driveway Springs) and two
are in the western portion (Trout Creek and
Kidd Flat). The ponderosa pine range in age
from 100 yr to 120 yr with scattered individu-
als up to 250 yr. It appeared that the stands
had not experienced wildfire for a long period
as there was no recorded documentation or
field observation of recent fire, but fire scars
were evident on older trees. All of the stands
had a history of selective harvest beginning in
the 1920s. Stands ranged in area from 19.8 ha
to 55.7 ha and were thinned from below in
1994 or 1995 to tree densities of from 181
trees ha' to 252 trees ha'!, with mean dbh
ranging from 25.5 cm to 31.8 cm. Initial pre-
scribed burns were completed in fall 1997 and
spring 1998 for the purpose of fuel reduction,
to stimulate understory vegetation growth, and
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to reduce stocking of small-diameter trees. El-
evations ranged from 1570 m to 1740 m and
climates were typical of the southern Blue
Mountain Ecoregion, characterized by cold
winters and hot dry summers. Water year (Oc-
tober to September) average annual precipita-
tion (1981 to 2014) was 46 cm, with most pre-
cipitation in the form of snow between Octo-
ber and April (USDA NRCS 2012). Surface
fuel consisted of a combination of logging
slash, dry grasses, pine needles, and naturally
accumulated woody debris. Further details
about the initial 1997 and 1998 burns, tree
mortality, and stand structure can be found in
Thies et al. (2005), understory vegetation in
Kerns et al. (2006) and Kerns et al. (2011),
soils in Hatten et al. (2008), and fuel four
years following the initial burns in Kerns et al.
(2011).

Experimental Design

In 1997, we divided each previously
thinned stand into three season-of-burn treat-
ment units along boundaries coinciding with
topographic features or roads to allow for ease
in control of the prescribed burns. Treatment
units ranged in size from 2.6 ha to 18.4 ha. We
randomly assigned a burn treatment of fall,
spring, or control (no burn) to each experimen-
tal unit in each stand. Initial burns were con-
ducted in October 1997 and June 1998. In
2002, five years after the initial fall burns, the
fall and spring treatment units were split and
randomly assigned a 5 yr or 15 yr repeat burn
(hereafter referred to as reburn) frequency
treatment. The first and second reburns for the
5 yr frequency units were conducted in Octo-
ber 2002 and 2007, and June 2003 and 2008,
for fall and spring, respectively. Reburns one
and two for the 5 yr frequency were conducted
in October 2002 and 2007, and June 2003 and
2008, for fall and spring, respectively. Reburn
three of the 5 yr frequency and reburn one of
the 15 yr frequency were applied to two stands
in October 2012 and May 2013, but a limited
burn window in the fall of 2012 prevented
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burning in four stands until October 2013 and
May 2014 (a one-year delay). Information re-
garding burn type, individual burn dates,
weather conditions, and flame lengths are pro-
vided in Table 1.

Field Measurements

After the initial burns, we systematically
established six 0.20 ha circular sampling plots
along transects within each burn season treat-
ment unit to evaluate post-fire tree growth,
mortality, disease, and vegetation response
(Thies et al. 2005, Kerns et al. 2006). Follow-
ing the split to study reburn frequency the con-
trols contained six plots and the reburn units
each had three. This was expanded to seven
plots per unit by adding one to the controls and
four to each reburn treatment. These new
plots were established 50 m minimum at a ran-
dom azimuth from the existing plots to prevent
overlap and double sampling. Two 20.1 m
long fuel inventory transects were established
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at each plot center: one on a randomly chosen
azimuth and another 180 degrees opposite.
This resulted in 14 fuel transects within each
of the season by frequency treatment units at
each of the six stands.

We inventoried woody surface fuels along
each transect using the planar intercept meth-
od outlined in Brown (1974) prior to reburning
for all treatments and again following the fires
in the burned treatments. The 1 hr fuels (0 cm
to 0.64 cm) and 10 hr fuels (0.64 cm to 2.54
cm) were tallied for the first 1.2 m, while 100
hr fuels (2.54 cm to 7.62 cm) and 1000 hr fu-
els (>7.62 cm) were tallied over the entire 20.1
m length. In addition, we recorded species, di-
ameter, and condition (sound or decayed) for
1000 hr fuels. We measured the forest floor (O
horizon) depth at 6 m and 12 m along each
transect. Litter and duff were not differentiat-
ed due to site aridity limiting duft develop-
ment and layer mixing from multiple distur-
bances (i.e., mechanical ground-based thin-
ning, multiple burns, and cattle grazing with

Table 1. Treatment, year, ignition date, weather conditions, and flame lengths for prescribed burns from
1997 through 2014 for the season and frequency of burn study in the Blue Mountain Ecoregion, Oregon,

USA.
Temperature Relative ~ Wind speed Flame length
Treatment Year Ignition date range (°C) humidity (%) (km hr?') (m)
Initial fall burn 1997 30 Sep, 16 Oct 13.9 to 20.6 24 to 40 0.0 to 8.0 0.0to 1.5
Initial spring burn 1998 17 Jun 15.5t0 21.7 12 to 44 3.2t038.0 0.6to 1.5
Fall reburn 1 2002 8,9 Oct 10.5to 18.3 17 to 44 0.0to 11.3 0.3t0 0.9
Spring reburn 1 2003 22 May 21.1t023.3 30to 32 0.0t0 9.7 0.3t0 0.6
Fall reburn 2 2007 13, 15 Oct 10.0 to 16.1 32 to 54 0.0to3.2 0.0t0 0.9
Spring reburn 2 2008 19 May, 14 Jun 23.9 to 30.0 19 to 30 0.0to0 8.0 0.3t0o 1.2
Fallrebun3*GGyr) 5515 180ct 16110167 221025 161064 02t00.6
Fall reburn 1* (15 yr)
Jpring reburn F(3¥0) 5013 3,7May 15610256 211033 001080  02t00.6
pring reburn 1° (15 yr)
Fall reburn 3° (5 yr)
Fall reburn 1° (15 yr) 2013 22,24 Oct 15.0to 18.9 26 to 41 0.0 to 4.8 0.2 to 0.6
1 b
Springrebumn 3'(Sy1) 5014 j4May 19410222 191024 161080 031009

Spring reburn 1° (15 yr)

2Two stands
®Four stands
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no post-burn rest period). We tallied understo-
ry conifer regeneration by species in two class-
es based on seedling height: <0.4 m, and >0.4
m to 1.37 m, hereafter referred to as short and
tall seedlings, respectively. This was done one
full growing season after each reburn in 2004,
2009, and 2015, within a nested 0.03 ha circu-
lar subplot, at five of the six stands. The
schedule for fuel transect and seedling data
collection is presented in Table 2.

Data Analysis

We determined mass of the smaller size
fuel classes (1 hr to 100 hr) using the non-
slash average square diameter, specific gravity,
non-horizontal particle angles, and formulas
from Brown (1974). For calculation of 1000
hr fuel mass, we used specific gravities of 0.40
for ponderosa pine (Brown 1974), 0.54 for ju-
niper (Miles and Smith 2009), and 0.81 for
mountain mahogany (Chojnacky 1984). We
corrected the specific gravities for decayed
ponderosa pine and juniper using a 0.75 multi-
plier (Brown 1974); no decayed mountain ma-
hogany was encountered. We averaged tran-
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sect data means for each surface fuel size
class, forest floor depth, and density of conifer
seedling class in treatment experimental units
for analysis. We lumped and analyzed all spe-
cies of conifer seedlings as a single group as
ponderosa pine was the primary component
(>95%), although western juniper occurred
occasionally, with Douglas-fir (Pseudotsuga
menziesii [Mirb.] Franco), and grand fir (4bies
grandis [Doug.] Lindl) occurring very rarely.
We estimated the consumption of dead and
downed woody debris and forest floor fuel as
the change in fuel load by subtracting the post-
burn from the pre-burn values for analysis.
Due to the short time lag between measure-
ments combined with any interim fuel recruit-
ment, our estimates for fuel consumption can
be negative.

We compared burn parameter means for
air temperature, relative humidity, wind speed,
and flame length, between fall and spring
burns through #-tests using the Satterthwaite
correction (Welch’s #-test) for unequal vari-
ance using the TTEST procedure in SAS 9.4
(SAS 2014).

Table 2. Field data collection by year, treatment, and type, for the season and frequency of burn study in
the Blue Mountain Ecoregion, Oregon, USA. F = downed, dead woody fuel and forest floor fuel depth

(litter and duff), S = seedling.

Treatment

Year Control Fall S yr Fall 15 yr Spring Syr Spring 15 yr Type
2002 F F F F F Pre fire
2003 F F F Post fire
2004 S S S Post fire
2007 F F F Pre fire
2008 F F F Post fire
2009 S S S Post fire
2012 F F F F F Pre fire
20132 F F F F F Post fire
2014° F F F F F Post fire
2015 S S S S S Post fire

aTwo stands
®Four stands
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Objective T—Comparison of 5 yrand 15 yr
Seasonal Reburning

To assess fuel load differences of seasonal
reburning at 5 yr and 15 yr frequencies, we an-
alyzed the 2014 fuel and the 2015 seedling
data (for all treatments) as a randomized block
incomplete split-plot, with season of reburn
(fall, spring, and control) as the whole plot,
and frequency of burn (5 yr and 15 yr) as the
split-plot. Controls are incomplete split-plots
as they have no frequency, thus we defined
treatment as the combination of season and
frequency of burn resulting in five treatments:
control, fall 5 yr, spring 5 yr, fall 15 yr, and
spring 15 yr. We modeled treatment as a fixed
effect and stand as a random effect. We as-
sessed these simple effect (treatment) differ-
ences through paired contrasts (Aastveit et al.
2009). Since consumption data does not exist
for the control plots, we analyzed the 2014
consumption data as a randomized block com-
plete split-plot design with season of burn (fall
and spring) as the whole plot, and frequency
of burn (5 yr and 15 yr) as the split-plot. We
modeled season and frequency of reburn as
fixed effects and stand as a random effect.

Objective 2—Five Year Seasonal
Reburn Dynamics

To evaluate changes in fuel loads over time
following reburning at 5 yr frequencies, we
analyzed the fuel data (control and 5 yr fre-
quency treatments only) as a randomized com-
plete block, repeated measures design, with
season of reburn (fall, spring, and control) as
the whole plot, and year (2003, 2008, 2014)
repeated. Season and year were treated as
fixed effects, stand as a random effect. The 5
yr frequency consumption data were similarly
analyzed except controls were not included.

All statistical analyses for objectives 1 and
2 were completed using the mixed procedure
for linear mixed models in SAS 9.4 (SAS
2014). Assumptions of normality and equal
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variance of the residuals were checked during
analysis through the use of quantile-quantile
and residual versus predicted plots, respective-
ly. For the repeated measures analysis, we fit
statistical models using compound symmetry,
heterogonous compound symmetry, unstruc-
tured, spatial power, Toeplitz, and autoregres-
sive covariance structures (Littell ez al. 2006.)
We chose spatial power and unstructured as
our final covariance structures for the fuels
progression and consumption analyses, respec-
tively, based on a combination of the suitabili-
ty to our data and the lowest Akaike Informa-
tion Criterion (AIC) score (Akaike 1981). We
used a natural log transformation for the seed-
ling regeneration data and reported back-trans-
formed means and 95% confidence limits; no
other transformations of the data were neces-
sary. We were willing to accept the possibility
of type I error in a large field experiment such
as this, so for the incomplete split-plot analy-
ses, we chose to not correct for multiple com-
parisons. For all other analyses, we used
Fischer’s least significant differences (LSD)
for our comparisons rather than a family cor-
rection method. We considered effects signifi-
cant based upon a = 0.05, and marginally sig-
nificant when o> 0.05 to a < 0.10.

RESULTS

Air temperature was different during the
spring and fall burns (z,, = 3.84, P = 0.008),
with the mean spring temperatures estimated
to be 6.22°C higher (95% CI; 3.32°C to
10.12°C) than fall temperatures. There were
no differences between spring and fall burns
for mean relative humidity, wind speed, or
flame length, all P > 0.134.

Objective T—Comparison of 5 yrand 15 yr
Seasonal Reburning

In 2014, there were no treatment differenc-
es for 1 hr woody fuel (for all comparisons P >
0.19; Figure 1A), but there was 1.19 Mg ha'
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Figure 1. Woody surface fuel (Mg ha') of (A) 1
hr, (B) 10 hr, (C) 100 hr ,and (D) 1000 hr lag-time,
in 2014 following spring and fall reburns at 5 yr
(three reburns) and 15 yr (one reburn) frequencies
in the Blue Mountain Ecoregion, Oregon, USA.
Bars represent 95 % confidence limits. Within fuel
type, when differences exist, treatments not shar-
ing the same letter are different at a. = 0.05.

more 10 hr fuel in the fall 5 yr treatment (Fig-
ure 1B) than the spring 5 yr treatment (z,,,
2.29, P=0.032). The 100 hr fuel in both fall 5
yr and fall 15 yr treatments (Figure 1C) was
less than the controls by 0.97 Mg ha' (¢, ,=
2.71, P=0.013) and 0.90 Mg ha' (z,,,= 2.51,
P =0.021), respectively. Similarly, the 100 hr
fuel in spring 5 yr treatments was 1.21 Mg ha’!
less than the controls (z,,, = 3.36, P = 0.003)
and 0.87 Mg ha'! less (marginally significant)
than the spring 15 yr treatments (¢, = 2.01, P =
0.061). There were no treatment differences
for the 1000 hr fuel class (all P> 0.106; Figure
1D).

By 2014, all reburn treatments had a mini-
mum of 2.49 cm lower forest floor depth than
the controls (all 7,,,> 8.84, P < 0.001; Figure
2). There were no statistical dlfferences for
forest floor depth between the fall and spring
treatments at either frequency (all P > 0.134).

Consumption did not differ for 1 hr or 100
hr fuels (Figure 3A and 3C) by season, fre-

Figure 2. Forest floor fuel depth (cm) in 2014 fol-
lowing spring and fall reburns at 5 yr (three re-
burns) and 15 yr (one reburn) frequencies in the
Blue Mountain Ecoregion, Oregon, USA. Bars
represent 95% confidence limits. Treatments not
sharing the same letter are different at o = 0.05.
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Figure 3. Woody surface fuel load reduction (Mg
ha') of (A) 1 hr, (B) 10 hr, (C) 100 hr, and (D)
1000 hr fuel size classes for the last spring and fall
reburns at 5 yr (reburn three) and 15 yr (reburn
one) frequencies in the Blue Mountain Ecoregion,
Oregon, USA. Bars represent 95% confidence
limits. Within fuel type, when differences exist,
treatments not sharing the same letter are different
ata=0.05.
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quency, or their interaction in 2014 (all P >
0.141). For 10 hr fuels, there was a marginally
significant seasonal effect overall (F, ;= 4.60,
P = 0.085; Figure 3B), with spring reburns
consuming 0.17 Mg ha' more (¢,=2.15, P= 0.
085) than the fall reburns, regardless of fre-
quency (F, ;= 0.55, P=0.474). Consumption
of 1000 hr fuel (Figure 3D) was significantly
different for frequency overall (<, | =14.72, P
= 0.003), with the 15 yr treatments consuming
2.30 Mg ha'! more (¢,,= 3.84, P = 0.003) than
the 5 yr frequency reburns. There was no sea-
son effect (#, ;= 0.37, P =0.572), nor a season
by frequency interaction (F, = 0.34, P =
0.574). Forest floor consumption differed by
season overall (F]’5 =21.23, P = 0.006; Figure
4). The spring treatments consumed 0.19 cm
more forest floor (£, = 4.61, P = 0. 006) than
the fall treatments. There was no frequency
effect (£, = 0.68, P = 0.430), nor season by
frequency interaction (£ |, = 0.40, P = 0.540).

Short seedlings (<0.4 m) in the fall 5 yr
treatment were 6.1 times more abundant (Fig-
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Figure 4. Forest floor fuel depth reduction (cm)
for the last spring and fall reburns at 5 yr (third re-
burn) and 15 yr (first reburn) frequencies in the
Blue Mountain Ecoregion, Oregon, USA. Bars
represent 95 % confidence limits. Treatments with
the same letter are not different at o = 0.05.
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ure 5A) than the spring 15 yr treatment (z,,, =
3.67, P =0.002), 3.8 times more than the con-
trol (¢, = 3.14, P = 0.006), 3.6 times more
than the fall 15 yr treatment (¢, = 2.53, P =
0.025), and 2.8 times more than the spring 5 yr
treatment (z,,, = 2.07, P = 0.051; marginally
different). There were no differences in short
seedlings among any of the other treatments

(all P>0.143). Tall seedlings (>0.4 m to 1.37
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Figure 5. Total conifer seedling density (ha') for
A) <0.4 m height, and B) >0.4 m to 1.37 m height,
in 2015, one year following spring and fall reburns
at 5 yr (three reburns) and 15 yr (one reburn) fre-
quencies in the Blue Mountain Ecoregion, Oregon,
USA. Data were natural log transformed for anal-
ysis; back-transformed means and 95 % confidence
limits are presented. Within height category, treat-
ments with the same letter are not different at o=
0.05. Note breaks in y-axes.



Fire Ecology Volume 13, Issue 3, 2017
doi: 10.4996/fireecology. 130304261

m) in the fall 5 yr reburns were 0.002 times
more abundant than the control (¢,,, = 5.52, P
< 0.001), 0.005 times more abundant than the
spring 15 yr treatment (¢, = 4.28, P < 0.001),
0.019 times more abundant than the spring 5
yr treatment (¢, .= 3.14, P = 0.006), and 0.074
times more abundant than the fall 15 yr treat-
ment (¢, ,= 2.52, P = 0.025) (Figure 5B). Tall
seedlings in fall 15 yr reburns were 0.025 and
0.063 times more abundant than in the control
(¢,,,=3.24, P=0.007) and spring 15 yr treat-
ment (¢,,, = 2.20, P = 0.043), respectively.
The spring 5 yr treatment resulted in 0.48
times as many tall seedlings than the control
but the effect was only marginally significant
(¢,,,=2.07, P = 0.060). There were no other
treatment differences for tall seedlings (all P >
0.190).

Objective 2—Five Year Seasonal
Reburn Dynamics

Across the three 5 yr frequency reburns
(Figure 6), differences in surface fuel loads in
all fuel classes were dependent on the year and
treatment (Table 3), except for 1 hr fuels. The
largest changes were the spring treatment de-
cline in 100 hr fuels (Figure 6C), and the fall
treatment increase in 1000 hr fuels (Figure
6D), both occurring between reburns one and
two. Control treatments experienced large de-
clines in 1 hr, 10 hr, and 100 hr fuels between
2003 and 2014, resulting in reduced differenc-
es from reburn treatments by 2014. Forest
floor depth also had a significant year by treat-
ment interaction (Table 3), with the fall treat-
ment gradually increasing in depth following
each successive reburn, while the spring treat-
ments decreased in depth through reburn two,
then increased following reburn three (Figure
7).

Consumption of 1 hr fuels did not change
with 5 yr reburns (Table 4, Figure 8A), where-
as 10 hr fuel consumption was statistically dif-
ferent by both year and treatment (Table 4),
with consumption decreasing for both fall and
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Figure 6. Woody surface fuel (Mg ha') of (A) 1
hr, (B) 10 hr, (C) 100 hr, and (D) 1000 hr fuel size
classes, following spring and fall reburns at 5 yr
frequencies in the Blue Mountain Ecoregion, Ore-
gon, USA. Bars represent 95 % confidence limits.
Within fuel type, treatments with the same letter
are not different at o = 0.05.

spring with each subsequent reburn (Figure
8B). For 100 hr fuels, there was a significant
year by treatment interaction (Table 4), with
consumption decreasing for subsequent fall re-
burns; whereas for spring reburns, 100 hr fuel
consumption did not decrease until reburn
three (Figure 8C). Consumption for 1000 hr
fuels was not statistically different by year,
treatment, or their interaction (Table 4, Figure
8D). Forest floor consumption depended on
year and treatment interaction (Table 4). There
were no differences in forest floor consump-
tion for spring reburns, but consumption in-
creased for fall reburns (Figure 9).

Short seedling density also had a signifi-
cant year by treatment interaction (Table 3),
increasing incrementally with 5 yr fall reburns,
whereas the numbers stabilized with spring re-
burns (Figure 10A). In contrast, tall seedling
density remained low in 5 yr fall and spring re-
burns (Figure 10B).
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Table 3. Test statistics by surface fuel load (Mg ha''), forest floor depth (cm), and seedling density (ha!)
for the 5-year frequency reburn randomized complete block repeated measures linear mixed model for the
season and frequency of burn study in the Blue Mountain Ecoregion, Oregon, USA. Values for significant
effects a = 0.05 are marked with an asterisk (*). df is the degrees of freedom for which the first number is
the numerator and the second number is the denominator to compute the P value.

Year Treatment® Year x treatment
Response F P df F P df F P df
1 h (Mg ha') 290 0.074 2,254 577 0.007* 2,35.6 1.90 0.141 4,254
10 h (Mg ha'') 146 0.248 2,30 7.74  0.009*% 2,10 4.44 0.006* 4, 30
100 h (Mg ha') 8.19 0.002* 2,273 13.81 0.001* 2,114 3.56 0.019*% 4,27.3
1000 h (Mg ha'!) 2.65 0.087 2,307 032 0727 2,173 2.5 0.046* 4,30.7
Forest floor (cm)® 3.56  0.042* 2,28.6 105.70 <0.001* 2,10.7 10.57 <0.001 4,28.6

Short seedlings (ha')®  6.50 0.006* 2,232 057 0580 2,11.1 2320  0.007* 4,23.2
Tall seedlings (ha™')? 2.81 0.081 2,229 13.55 0.002* 2,8.8 1.65 0.196 2,229

*Control (unburned), fall reburn, and spring reburn
®Forest floor depth (cm)

¢Short seedlings defined as <0.4 m

4Tall seedlings defined as >0.4 m and <1.37 m

DISCUSSION

® Control
'm  Fall Fuel reduction is a key objective driving
& Spring b the use of thinning and prescribed fire in west-
b ern US ponderosa pine forest restoration, yet
there are few studies documenting post-treat-
ment trends in forest floor and surface fuel
loads (Keifer et al. 2006, Chiono et al. 2012,
% dd +% Vaillant et al. 2015), and even fewer examin-
ing effects after repeated burns (Webster and

Halpern 2010, Higgins et al. 2015).

Similar to results from the southern Sierra
Nevada Mountains of California (Webster and
1 2 3 Halpern 2010), our reburns, regardless of sea-

Reburn (number) son or frequency, were much less severe than
the initial burns, causing very little crown
scorch and no detectable increase in mortality
_ OHe over that of the unburned controls (D.
spring and fall reburns at 5 yr frequencies in the Westlind, USDA Forest Service, Pacific North-
Blue Mountain Ecoregion, Oregon, USA. Bars R h Station. Forestry Sciences Lab-
represent 95 % confidence limits. Treatments with west Rescarc . ’ Y .
the same letter are not different at a. = 0.05. oratory, Corvallis, Oregon, U,SA’ unpublished

data). In our reburns, especially for the 5 yr
frequency, the fire crews often had difficulty
getting the fires to spread, probably due to for-
est floor fuel load being lower than at the time
of the initial burns. These subtle effects from
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Figure 7. Forest floor fuel depth (cm) following
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Table 4. Test statistics, P values, and degrees of freedom (df) for fuel consumption by fuel type from a
randomized complete block repeated measures analysis for 5-year interval reburns for the season and fre-
quency of burn study in the Blue Mountain Ecoregion, Oregon, USA. Values for significant effects a =
0.05 are marked with an asterisk (*). df is the degrees of freedom for which the first number is the numer-
ator and the second number is the denominator to compute the P value.

Year Treatment? Year x treatment
Fuel type F P df F P df F P df
1 hr 0.16 0.851 2,11.8 0.03 0876 1,43 0.89 0436 2,11.8
10 hr 9.32 0.003* 2,13.8 21.85 0.008* 1,4.4 0.11 0.898 2,13.8
100 hr 20.49 <0.001* 2,6.8 4.76 0.057 1,9.0 10.08 0.009* 2,6.8
1000 hr 1.04 0377 2,152 0.65 0439 1,10.5 0.42 0.661 2,152
Forest floor® 0.46 0.639 2,12.7 16.61 0.010* 2,4.9 4.45 0.034* 2,12.7
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Figure 8. Woody surface fuel load reduction (Mg
ha') of (A) 1 hr, (B) 10 hr, (C) 100 hr, and (D)
1000 hr size classes, for spring and fall reburns at 5
yr frequencies, in the Blue Mountain Ecoregion,
Oregon, USA. Bars represent 95% confidence
limits. Within fuel type, when differences exist,
treatments with the same letter are not different at
a=0.05.

reburning are consistent with those expected
from very frequent but low-severity burns in
low-elevation, dry pine sites in the western US
(Agee 1996b, Hessburg et al. 2005), but also

Figure 9. Forest floor fuel depth reduction (cm)
for spring and fall reburns at 5 yr frequencies, in
the Blue Mountain Ecoregion, Oregon, USA. Bars
represent 95 % confidence limits. Treatments with
the same letter are not different at o = 0.05.

are a consequence of the early and late season-
al timing of our reburns when fuel moisture is
higher and air temperatures are lower than
during in-season burns. These subtle reburn
effects are also likely due to the relatively low
productivity of our study sites (Kerns et al.
2011), limiting shrub, grass, and other fine fuel



Fire Ecology Volume 13, Issue 3, 2017
doi: 10.4996/fireecology. 130304261

® Control A
m Fall
14000 {& Spring ?
ab ab
6000 ab
b ab
—~ b
" 4000
c [ ]
~ bc
2= 2000 .
n
5 i
o 0
°©
g’ 8000 | ] B
? 6000 - . T
4000 1
Q ab
CD 2000 1 T
7507 L
bc
500 1
o
bed
250 cd
cd l
d l ld
0] ié - [}
1 2 3
Reburn (number)

Figure 10. Total conifer seedling density (ha') for
A) <0.4 m height, and B) >0.4 m to 1.37 m height,
one year following spring and fall reburns at 5 yr
frequencies, in the Blue Mountain Ecoregion, Ore-
gon, USA. Data were natural log transformed for
analysis; back-transformed means and 95 % confi-
dence limits are presented. Within the seedling
size category, treatments with the same letter are
not different at a = 0.05.

development, in comparison to other more
productive areas such as the southeastern US
(Reilly et al. 2016) and the upper Midwest
(Peterson and Reich 2001).

Our hypothesis that 5 yr fall reburning
would limit conifer regeneration more than
spring or 15 yr reburning was correct, but it
was not correct that it would also reduce forest
floor depth, or woody fuels. Interestingly, our
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spring 5 yr treatment ended up with the lowest
woody fuels load across all four fuel sizes, and
the fall 5 yr treatment tended to have higher
fuel load (except for 100 hr fuels), although
these differences were not always significant.
This result is somewhat surprising given that
others report initial entry fall burns consuming
more fuel than spring burns (Knapp et al.
2005, Fettig et al. 2010), and the general as-
sumption that shorter between-fire intervals
prevent fuel buildup (Vaillant et al. 2015).
The few differences we document for woody
fuels in 2014 may be partly due to the highly
variable nature of woody fuels within the
stands, plus the difficulty and expense in ade-
quately replicating a long-term field study
such as this. But the differences we did docu-
ment for all but 1000 hr fuels following reburn
one had all disappeared following reburn
three. It appears that, for the control treat-
ments, fuel loads are being reduced through
decay, which is similar to results from other
studies with thinning-only treatments (Young-
blood et al. 2008, Vaillant et al. 2015), while
fuel loads are stable (recruitment is equal to
consumption) in the burn treatments, which re-
sulted in the lack of treatment differences by
the end of the study period.

Differences in severity of the initial entry
burns heavily impacted our overall results.
Fuel data was not collected prior to or immedi-
ately after our initial entry burns, but the initial
entry fall burns were more severe than the ini-
tial entry spring burns. The initial fall burns
caused nearly three times more mortality to
the pine overstory (dbh > 7.0 cm) than the ini-
tial spring burns (29 % and 11 %, respectively)
(Thies et al. 2005). While plot area burned
was similar for both seasons, the initial fall
burns consumed more of the litter and duff
mounds at the base of trees, and caused higher
bole and crown scorching (Thies et al. 2005).
Additionally, the initial entry fall burns result-
ed in significant reductions in the forest floor
depth measured four years post burn, while
spring burns did not (Kerns et al. 2011), a find-
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ing similar to another study in the Blue Moun-
tain Ecoregion approximately 30 km to the
north (Progar ef al. 2017). The nearly 150%
increase we documented for 1000 hr fuels in
the fall 5 yr reburn treatment between reburns
one and two is due to the higher mortality in
the initial fall burns. Transect-based methods
like we used here count downed dead woody
debris, so the standing dead trees killed by the
initial entry burns are rarely recorded as fuel
until they fall. But, even in dry climates, fire-
killed ponderosa pine begin falling within a
few years, contributing limbs and stems to sur-
face fuel loads. In southwestern Colorado,
fire-killed ponderosa pine snags began falling
within one to two years, with smaller diameter
and trees killed by spring burns falling first,
but, after 10 years, 75% of all fire-killed trees
had fallen (Harrington 1996). The increased
1000 hr fuel level we documented between re-
burns one and two in the fall 5 yr treatments is
maintained throughout the remainder of the
study period and, with the slow decomposition
rates of dry interior forests, in combination
with low consumption of 1000 hr fuel during
the reburns (e.g., reburns two barely consumed
1 Mg ha'), is likely to persist for considerable
time. Although it did not reach the level of
statistical significance in the 2014 analysis, a
similar dynamic of increasing 1000 hr fuels re-
sulting from initial burn mortality also oc-
curred in the fall 15 yr treatments (D. Westlind,
personal observation). Mortality from initial
fires and subsequent snag and limb fall result-
ing in similar fuel increases following burning
has been observed by others (Agee and Skin-
ner 2005, Reinhardt et al. 2008).

We expected fall 5 yr reburning to contin-
ue to consume more fuel than spring reburning
as found by others in initial burns (Knapp et
al. 2005, Fettig et al. 2010, Progar et al. 2017).
However, consumption of woody and forest
floor fuels with repeated 5 yr burning was con-
sistently low, and there was a lack of persistent
seasonal consumption differences. Interest-
ingly, the one seasonal effect we did detect for
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100 hr fuels for reburn two showed more con-
sumption for spring reburning. This general
lack of seasonal difference is most likely due
to reduced forest floor fuel, a result from the
initial fall burn, suppressing any consumption
advantage of lower fall fuel moisture. Indeed,
the spring reburn one had nearly four times
more forest floor consumption compared to
fall reburn one, but that consumption differ-
ence declined as the forest floor fuel in the
spring treatments was reduced with each suc-
cessive reburn. With reburning, forest floor
fuel consumption appears to be more a func-
tion of how much forest floor fuel remains
rather than burn season, although burn season
was important for the initial burn results.

Overall consumption of woody fuel in the
reburns was very low, the lone exception being
the 1000 hr fuels size in the 15 yr frequency
treatments for both seasons, but even then con-
sumption was only about 17 % of the pre-burn
total. Consumption of 1000 hr fuels for the 15
yr frequency treatment in the spring equal to
that of the fall is somewhat surprising since
fuel moisture is higher in spring than in fall,
especially for 1000 hr fuels, having only sur-
face drying after the winter snows (Estes et al.
2012). The higher 1000 hr fuels consumption
we documented for 15 yr reburning is likely a
result of the longer frequency between burns,
allowing more forest floor and fine woody fu-
els to accumulate, adding to reburn severity.
Additionally, the spring 15 yr treatment had
more forest floor fuel remaining prior to re-
burning, due to the lower consumption of the
initial spring burns.

Conifer regeneration was impacted by both
burn season and frequency. Ponderosa pine
seedling regeneration in many areas of the
western US exceeds the amount needed to
maintain forested stands (Sackett and Haase
1998, Battaglia et al. 2008, Higgins et al
2015). Seedlings, often occurring in scattered
dense clusters, quickly contribute to excessive
stand density and create a multi-layered cano-
py of ladder fuel that can substantially raise
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crown-fire potential (Fulé er al. 2004, Agee
and Skinner 2005, Battaglia et al. 2008, Hig-
gins et al. 2015). If the management goal is to
maintain low crown-fire hazard, these seed-
lings need to be eliminated before reaching a
more fire-resistant stage, with crowns safely
above the flame lengths typical of low-severity
reburns. Both Battaglia et al. (2008), for the
Black Hills, and Bailey and Covington (2002),
for Arizona, suggest regeneration densities of
no more than 500 ha!. While highly variable
due to the clustered nature of seedling estab-
lishment, all of our treatments exceeded that
density when both seedling sizes are com-
bined. Battaglia e al. (2008) found a 10-year
burn frequency to be optimal for controlling
excessive conifer seedlings and recommended
no more than 15 years in the Black Hills. Our
results indicate that, for the Blue Mountain
Ecoregion, 15 years may be too long between
burns for controlling regeneration through
burning alone, especially when reburning is
executed during the spring.

The need for repeated burning as a tool for
maintaining low fire severity potential in West-
ern forests has been widely accepted (Agee
and Skinner 2005, Reinhardt ez al. 2008, Hess-
burg et al. 2016). Initial fall burns can reduce
downed dead woody fuel but, as documented
here, those reductions may be temporary if ac-
companied by significant overstory mortality.
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Initial spring burning can minimize overstory
mortality but may need to be repeated several
times and at shorter intervals. Further reduc-
ing large woody fuels may be difficult to
achieve in either spring or fall reburn situa-
tions due to insufficient forest floor fuel to aid
fire spread and add the heat output necessary
to ignite the larger fuel. However, if retaining
large downed wood is a management goal for
wildlife habitat, our results indicate the fre-
quent reburning has little effect.

Rather than frequent reburning, which is
difficult for local units to achieve and may in-
crease opportunities for introduction and
spread of exotic species, a gradual move to
more historically accurate seasonal ranges for
reburning may be more effective at sustaining
low wildfire severity potential. Either early or
late season prescribed burns may be used as
initial treatment, for ease of control, to achieve
some surface fuel and forest floor reductions,
and limit mortality of larger fire resistant trees.
But, similar to Battaglia et al. (2008), Ryan et
al. (2013) and Higgins et al. (2015), our re-
sults suggest that achieving and maintaining
low surface fuels, shallow forest floor fuels,
and high ladder fuels may require increased
reburn severity by burning in summer or earli-
er in fall when temperatures are higher and hu-
midity is lower.
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