
Fire EcologyBernau et al. Fire Ecology  (2018) 14:1 
https://doi.org/10.1186/s42408-018-0002-z
ORIGINAL RESEARCH Open Access
Fuel bed response to vegetation
treatments in juniper-invaded sagebrush
steppe

Christopher R. Bernau1, Eva K. Strand2* and Stephen C. Bunting2
Abstract

Background: Expansion of juniper (Juniperus spp. L.) and pinyon (Pinus spp. L.) into sagebrush steppe habitats has
been occurring for over a century across western United States. Vegetation and fuel treatments, with the goal of
increasing landscape diversity and herbaceous productivity, and reducing woody fuels are commonly implemented
to mitigate effects of woodland encroachment in sagebrush ecosystems. This study was conducted in conjunction
with the Sagebrush Steppe Treatment Evaluation Project (SageSTEP) and was designed to determine the impact of
vegetation treatments on fuel variables two years post treatment in sagebrush steppe with an expanding juniper or
pinyon −juniper woodland component. Ten locations that characterize common sagebrush steppe sites with an
expanding woodland component in the Intermountain West were chosen for analysis. These woodland sites,
covering a gradient of juniper development phases, were treated with mechanical (cut and leave) and prescribed
fire treatments.

Results: Two years post treatment, prescribed fire increased herbaceous biomass and reduced shrub biomass and
down woody debris, but was not as effective in woodlands with higher juniper densities. Mechanical treatments
increased herbaceous biomass and were effective in preserving the shrub biomass but increased down woody
debris, which could lead to severe fire effects in the future.

Conclusions: We conclude that both prescribed fire and mechanical treatments are important management tools
for maintenance and restoration of sagebrush steppe in areas that support juniper woodland expansion, but the
differences in effects on shrub biomass and woody debris must be considered. A combination of the two treatments
could lead to desirable effects in many areas.
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Resumen

Antecedentes: La expansión de juníperos (Juniperus spp. L.) y pinos (Pinus spp. L.) en hábitats de la estepa
graminosa de artemisia (sagebrush−grass steppe) ha venido ocurriendo desde hace más de cien años a través del
oeste de los EEUU. Tratamientos de vegetación y combustibles, con el objetivo de incrementar la diversidad a nivel
de paisaje y la productividad herbácea y reducir los combustibles leñosos, son comúnmente implementados para
mitigar el efecto de la invasión de leñosas en este ecosistema. Este estudio fue conducido en conjunto con el
Proyecto de Evaluación del Tratamiento de la Estepa de artemisia (SageSTEP) y fue diseñado para determinar el
impacto de tratamientos de vegetación sobre variables de combustibles dos años post tratamiento en áreas de
esta estepa que contenían un componente de expansión leñosa de junípero o de pino−junípero. Diez ubicaciones
que caracterizan sitios de esta estepa de artemisia, con componentes de expansión de leñosas en el oeste inter-
montano, fueron elegidas para su análisis. Estos sitios leñosos que cubrían un gradiente de fases de desarrollo de
junípero, fueron tratados mecánicamente (corte y dejado en el lugar) y con quemas prescriptas.

Resultados: Dos años luego de los tratamientos, las quemas prescriptas incrementaron la biomasa herbácea y
redujeron la biomasa de arbustos y de los residuos leñosos en el suelo, pero no fueron tan efectivas en bosques
con mayores densidades de juníperos. Los tratamientos mecánicos incrementaron la biomasa herbácea y fueron
efectivos en preservar la biomasa de arbustos, pero incrementaron los residuos leñosos en el suelo, los cuales
pueden conducir a efectos severos del fuego en el futuro.

Conclusiones: Concluimos que tanto las quemas prescriptas como los tratamientos mecánicos son importantes
herramientas de manejo para el mantenimiento y restauración en áreas que sustentan la expansión de bosques de
juníperos, aunque las diferencias en sus efectos en la biomasa de arbustos y residuos leñosos en el suelo deben ser
consideradas. Una combinación de los dos tratamientos puede conducir a obtener efectos deseables en muchas áreas.
Background
Sagebrush (Artemisia spp. L.) ecosystems in the western
United States are contracting due to expansion of juni-
per (Juniperus spp. L.) and pinyon (Pinus spp. L.) −juniper
woodland expansion at higher elevations, and invasion of
annual grasses at lower elevations (Chambers et al. 2014).
Juniper and pinyon −juniper woodlands and savannas are
also native to the western United States, covering more
than 30 million ha (West 1999). Hereafter, we will refer to
these woodlands as simply juniper woodlands. Over the
past 130 to 150 years, there has been an increase in tree
density within its historical extent, and an encroachment
of juniper woodlands into adjacent vegetation types
(Miller et al. 2005, Miller et al. 2008), primarily into the
sagebrush steppe in the Great Basin.
The encroachment process of juniper woodland into

sagebrush steppe has been described in three phases
(Miller et al. 2005, Miller et al. 2008). Phase 1 has an
open, actively expanding juniper canopy cover of ≤0%
with an intact shrub layer; Phase 2 has an actively expand-
ing juniper cover between 10 and 30% and a thinning
shrub layer; and Phase 3 has a nearly stabilized juniper
cover > 30% with ≥75% shrub mortality. As woodland
development progresses, the abundance and richness of
sagebrush steppe vegetation decreases, creating large,
sparsely vegetated interspaces (Bunting et al. 1999, Miller
et al. 2013). As a consequence of loss in native herbaceous
and shrub vegetation, many wildlife species associated
with sagebrush steppe habitats have become conservation
concerns (Wisdom et al. 2005). The expansion of juni-
per woodlands has also influenced the continuity and
availability of wildland fuels (Miller et al. 2013, Young
et al. 2015) and increased accumulation of litter and
duff resulting from juniper leaf-fall (Weiner et al. 2016). A
fuel bed characterized by sparse vegetation, down woody
debris, litter, and duff significantly increases fire return
interval, but when fires do occur, they tend to be more se-
vere (Miller et al. 2013, Strand et al. 2013). For clarity, fuel
is defined as the live and dead biomass that can contribute
to the spread, intensity, and severity of a fire (Rothermel
1983). Fire behavior variables such as rate of spread, poten-
tial for crown fire, fire residence time, and fire severity are
affected by changes in vegetation (Schoennagel et al. 2004,
Strand et al. 2013, Weiner et al. 2016).
Land managers have long recognized the negative im-

pacts of juniper woodland expansion on sagebrush steppe
ecosystems, and conduct various treatments to counter
their effects (Bates et al. 2011, Bates and Davies 2016).
Common treatment strategies in woodlands include re-
moving juniper by burning and cutting (Miller et al. 2005,
Miller et al. 2014). Juniper removal treatments are often
implemented across hundreds to thousands of hectares
and lead to patches of different treatment effectiveness,
altered vegetation structure and composition (Miller
et al. 2014, Roundy et al. 2014, Bybee et al. 2016), and
changed fuel bed characteristics (Young et al. 2015), all
of which would directly affect fire behavior and fire ef-
fects of future wildfires.
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The purpose of this study was to quantify the effect of
mechanical (cut and leave) and prescribed fire vegetation
treatments on the fuel beds in expanding juniper wood-
lands two years after implementation of treatments. Key
fuel bed strata included herbaceous biomass, shrub bio-
mass, and downed woody debris (DWD). In particular, we
sought to determine if the treatments resulted in differ-
ences in those fuel bed strata. We expected all treatments
to reduce shrub and tree abundance and consequently in-
crease herbaceous biomass, at least in the short term. We
also expected mechanical treatments to increase downed
woody fuel abundance in proportion to the overstory
shrub and tree mortality. We expected higher increases
in herbaceous biomass and lower levels of DWD in
treatments implemented in early phases of woodland
development.

Methods
This study was conducted in conjunction with the
Sagebrush Steppe Treatment Evaluation Project (Sage-
STEP; McIver et al. 2010). SageSTEP was designed to
monitor long-term changes to the ecosystem as a result
of different treatment methods in juniper woodland
and sagebrush steppe communities of the Intermoun-
tain West, USA. The study included data from 10 sites
(Fig. 1) located on big sagebrush (Artemisia tridentata
Nutt.) ecological sites ranging in elevation from 1400 to
2500 m with mean annual precipitation ranging from
230 to 410 mm. Site information details can be found
in McIver and Brunson (2014). The 10 sites impacted
by the encroachment of juniper into sagebrush steppe
were divided into three regions representing western
juniper (J. occidentalis Hook.; 4 sites), Utah juniper (J.
osteosperma [Torr.] Little; 4 sites), and a combination
of Utah juniper and one-seed pinyon (Pinus mono-
phylla Torr. & Frém.; 2 sites). At each site, three treat-
ments were applied across 10 to 30 ha plots and
included: 1) untreated control plots, 2) prescribed fire
intended to blacken 100% of the plot, and 3) a mechan-
ical treatment using a chainsaw to cut all juniper (and
pinyon if present) taller than 0.5 m and leaving the
trees where they fell. Fire treatments were hand-ignited
broadcast burns conducted between August and Octo-
ber 2006 or 2007. The tree canopy was reduced to less
than 5% across all burns. Mechanical treatments were
conducted September through November the same
years as the prescribed fire treatments. Juniper and pin-
yon trees were cut with chainsaws and left on the site.
See Miller et al. (2014) and Roundy et al. (2014) for
further details about treatments. No seeding was done
post treatment and the sites were excluded from live-
stock grazing.
Sites were sampled two years post treatment. Stand-

ard measurement protocols were used across all sites
(Bourne and Bunting 2011, McIver and Brunson 2014).
Each of the 10 sites used a randomized design to create
treatment areas that were varying in size at each site
and ranged from 20 to 80 ha, with 14 to 24 permanent
0.1 ha (30 m × 33 m) sampling plots established within
each treatment. Each plot was established along a system-
atic grid with a minimum distance of 50 m between plots.
Within plots, seven permanent transects running parallel
to the 33 m length were established. Five transects were
used to determine species composition utilizing the
line-point intercept method (Bonham 1989). The planar
intercept method was used to sample all dead woody fuels
(Brown et al. 1982). Herbaceous fuel loads were deter-
mined by destructive sampling (Bonham 1989) within
0.25 m2 quadrats placed every other meter along the
remaining two transects. Shrub composition was esti-
mated by allometric methods specific to big sagebrush
utilizing individual plants destructively sampled outside
the plots (Tausch 1989). Total shrub biomass was di-
vided into two categories: 1-h (twigs 0 to 0.63 cm in
diameter) and 10-h (branches 0.63 to 2.54 cm) (Frandsen
1983). Downed woody debris (DWD) was categorized into
standard size classes related to rate of fuel moisture
change: 10-h DWD is small branches (0.63 to 2.54 cm
diameter), 100-h DWD is medium branches (2.54 to
7.62 cm diameter), and 1000-h DWD is large branches
and tree trunks (> 7.62 cm diameter). Fuel variables ana-
lyzed included live herbaceous, total shrub biomass, 10-h
DWD, 100-h DWD, 1000-h solid DWD, and 1000-h rot-
ten DWD. All fuel variables were summarized and ana-
lyzed at the site and plot levels. The plots at each site were
divided into groups based on the woodland development
phase as described by Miller et al. (2005), since we ex-
pected that the plot vegetation composition prior to treat-
ment would influence post-treatment response.
Relative change in fuel load was computed for each

fuel variable by subtracting the post-treatment value
(two years post) from the pre-treatment value and divid-
ing by the pre-treatment value. Relative change was also
computed for each fuel type and treatment within wood-
land development phases.
Statistical software Systat 13.1 (Systat 2009) was used

for all statistical analyses. At the site level, relative change
was compared between the two treatment types (pre-
scribed fire and mechanical) using a paired student’s t-test
for live herbaceous, total shrub, and 10-h DWD fuels.
Treatment differences were also compared for the same
fuel types within woodland development phase with a
paired student’s t-test. At the plot level, we used analysis
of variance (ANOVA) to determine the effect of treatment
(control, prescribed fire, mechanical) on fuel loads for
herbaceous biomass, shrub biomass, and downed woody
debris two years post treatment within each of the three
woodland regions. Pre-treatment fuel loads were included



Fig. 1 Map of sites and their names by woodland type that were sampled in this study, located in Oregon, California, Nevada, and Utah, USA
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as co-variates in the model to account for differences in
vegetation and fuel composition at the plot level.
Tukey’s post-hoc test was applied to test for signifi-
cance between individual treatments at the P = 0.05
level. The three juniper woodland types were analyzed
separately. For each woodland region, fuel types within
woodland development phase were analyzed separately,
resulting in 9 to 28 samples in each analysis (n is re-
ported with the results in Tables 1, 2 and 3). Following
analysis, we reviewed the residual of the fitted value to
confirm normality in the data.
Results
Site level analysis
Differences in fuel loading responses at the site level
were found between prescribed fire and mechanical
treatment (Fig. 2) two years after the treatments. Both
prescribed fire and mechanical treatments increased
the live herbaceous biomass; however, at the site level,
the difference between the two treatment types was not
significant. Prescribed fire reduced shrub biomass while
the mechanical treatment did not. Downed woody deb-
ris (10-h) increased following mechanical treatments
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Fig. 2 Relative change in the sagebrush −woodland sites for live herbaceous, total shrub and 10-h DWD fuels two years post treatment for
prescribed fire and mechanical treatments. Values are means and error bars are standard deviations of percent change for the 10 sites. Treatment
effect (P) comparing prescribed fire and mechanical treatment is reported for each fuel type
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but was largely unaffected by the prescribed burn.
Treatment resulted in an increase in herbaceous bio-
mass in all woodland development phases; however, no
significant difference was observed between fire and
mechanical treatments (Fig. 3). Total shrub biomass
was significantly lower in prescribed fire compared to
mechanical treatment in Phases 1 and 2 of woodland
development but not in Phase 3 (Fig. 3). Downed
woody debris (10-h) was higher following mechanical
Fig. 3 Relative changes in live herbaceous, total shrub, and 10-h DWD fuel
phase: Phase 1 (P1), Phase 2 (P2), and Phase3 (P3). Values are means and st
(P) comparing prescribed fire and mechanical treatment is reported for eac
compared to prescribed fire treatment in Phases 2 and 3,
but not in Phase 1 (Fig. 3).
Young juniper woodlands did not have an abundance

of 100-h and 1000-h DWD, and the observations of
1000-h DWD fuel were not normally distributed and
were therefore excluded from further statistical analysis.
Changes in large down woody debris was highly variable,
but generally increased following treatment, particularly
in more developed woodlands.
s two years post treatment displayed by woodland development
andard deviations of percent change at the 10 sites. Treatment effect
h fuel type and woodland development phase
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Prescribed fire
Results from analysis of variance at the plot level are
summarized for the three woodland regions in Tables 1,
2 and 3. Prescribed fire resulted in a three-fold to
four-fold increase in live herbaceous biomass in Phases
1 and 2 across regions, and even larger increases in
Phase 3 (Tables 1, 2 and 3). Although the percent in-
crease in herbaceous biomass was higher in Phase 3, it
should be noted that the pre-treatment amount of bio-
mass was less than half in Phase 3 compared to Phases
1 and 2 across regions (Tables 1, 2 and 3). Thus, the ab-
solute amount of biomass increased more in Phases 1
and 2, compared to Phase 3. For example, in the west-
ern juniper region, biomass increased from 257 to
820 kg ha−1 in Phase 1, from 207 to 797 kg ha−1 in
Phase 2, and from 130 to 541 kg ha−1 in Phase 3
(Table 1). Similar results were observed for pinyon −ju-
niper and Utah juniper regions, although the productiv-
ity in those regions were lower (Tables 2 and 3).
Prescribed fire reduced shrub biomass by more than

90% in Phase 1 and Phase 2 in the western juniper and
Utah juniper woodland types (Tables 1 and 3), while
the reduction was around 40 to 80% in pinyon −juni-
per woodlands. No effect of prescribed fire treatment
was detected for shrub biomass in Phase 3 in any of
the woodland regions (Tables 1, 2 and 3). Note that
pre-treatment shrub biomass decreased along the
woodland development gradient and was 3-fold to
30-fold greater in Phase 1 compared to Phase 3 prior
to treatment.
Downed woody debris of the 10-h size class generally

decreased in Phase 1 and Phase 2 but increased in Phase
3 following fire (Fig. 3), but results were variable across
regions (Tables 1, 2 and 3). Prescribed fire resulted in a
decrease in 10-h DWD by 59% in Phase 1 and 38% in
Phase 2 in the western juniper region (Table 1), and in-
creased by 81% in Phase 3 in the Utah juniper region
(Table 3). Effects on 100-h DWD were highly variable
across regions. Although the results were not significant
at the P = 0.05 level, 100-h DWD generally decreased in
Phase 1 and increased in Phase 3 as a result of pre-
scribed fire treatment (Tables 1, 2 and 3).

Mechanical treatment
Mechanical treatments resulted in an increase in live
herbaceous biomass in Phases 2 and 3 in the western juni-
per (Table 1) and Utah juniper (Table 3) regions, but not
in the pinyon −juniper region (Table 2). Total shrub bio-
mass was generally not affected by the mechanical treat-
ment except for a 38% decrease in Phase 1 of the western
juniper region.
Mechanical treatments resulted in an increase in

DWD in older woodland development phases across re-
gions. Changes in 10-h DWD were not detectable in
Phase 1 in the western juniper and Utah juniper regions
(Tables 1 and 3), while 10-h DWD increased in Phase 2
by 36 to 141% across regions. In Phase 3, 10-h DWD ap-
proximately doubled in the western juniper and pinyon
−juniper region and increased fourfold in the Utah juni-
per region. Mechanical treatment resulted in increased
100-h DWD across all regions and phases. In Phase 1,
100-h DWD increased by a factor of 1.5, while the in-
crease was two-fold to four-fold in Phase 2 and four-fold
to five-fold in Phase 3. The mechanical treatment con-
verted fuels from the live tree canopy strata to the DWD
strata. Thus, there is a logical progression of treatment
influence from the minimal DWD increase recorded on
Phase 1 to a more pronounced impact in Phase 2 and
Phase 3 with their higher abundance and size of juniper
on the sites pre treatment.

Discussion
The expansion of juniper woodlands has altered the
vegetation composition across the Intermountain West
(Bunting et al. 1999, Miller et al. 2005, Miller et al.
2008). The transition from sagebrush steppe to wood-
land reduces forage quantity and quality for wildlife and
domestic animals (Wisdom et al. 2000), negatively im-
pacts wildlife habitat for sagebrush obligate species such
as the greater sage-grouse (Centrocercus urophasianus
[Bonaparte, 1827]; Baruch-Mordo et al. 2013), disrupts
nutrient cycling, increases erosion, and changes the fire
frequency of the system (Blackburn and Tueller 1970,
Miller and Tausch 2001, Bates et al. 2007). To mitigate
problems associated with this encroachment, land man-
agers have utilized a wide range of strategies on the
landscape, among which are prescribed fire and mechan-
ical treatments. These treatments change the fuel struc-
ture of these landscapes, influencing the abundance and
continuity of herbaceous biomass, shrub biomass, and
downed woody debris, leading to altered expectations
for fire behavior and effects associated with a potential
future wildfire.

Prescribed fire
The response to prescribed fire was similar across the
three juniper woodland regions. Prescribed fire resulted
in an increase in live herbaceous biomass in Phases 1, 2,
and 3 in western juniper, pinyon −juniper, and Utah ju-
niper sites. An increase in live herbaceous biomass is ex-
pected post fire. The removal of competition from
shrubs and trees combined with the rapid release of nu-
trients into the system facilitates regeneration and
growth (Everett and Ward 1984, Agee 1993, Rau et al.
2008, Miller et al. 2014). An increase in herbaceous
biomass is expected to continue until available space
and resources are expended (Tausch and Tueller 1977,
Everett and Ward 1984, Bates et al. 2005).
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Prescribed fire decreased shrub biomass by about 90%
in Phase 1 and Phase 2 woodlands; however, the reduc-
tion of shrub biomass in Phase 3 was variable. This vari-
ability was unexpected. Big sagebrush is particularly
sensitive to fire and experiences stand replacement when
consumed (Wambolt and Payne 1986, Bunting et al.
1987). Sagebrush biomass is expected to increase given
time, but the recruitment process is slow and it may take
35 to 100 years to fully recover to pre-fire conditions
(Pieper and Wittie 1990, Wambolt et al. 2001). The pre-
scribed fire treatment was designed for 100% of the plots
to be blackened; thus, a surviving shrub component in-
dicates an incomplete prescribed fire. This is most likely
due to the limited availability of fine fuels to support the
flaming front in a Phase 3 woodland.
Downed woody debris had the highest variability in

consumption of any fuel variable measured. Generally
across sites, DWD decreased in Phases 1 and 2, with the
largest reduction in Phase 1. In Phase 3, we generally ob-
served an increase in DWD, particularly in the larger
size class (100-h fuels), but the variability was high
across sites. This variability was probably due to con-
tinuity of fine fuels and their ability to carry fire, and
also to the wide variety of fuel moisture and weather
conditions for which these treatments were implemented
across the woodland sites.
Fuel consumption decreased along the successional

gradient from young to older woodlands. Phases 1 and 2
had the highest herbaceous fuel load, which more likely
resulted in a continuous flaming front, as was reflected
in the greater shrub biomass consumption. Thus, when
DWD was consumed, it occurred in those phases. Phase
3 was known for a lack of fuel continuity, making it diffi-
cult to burn (Blackburn and Tueller 1970, Pieper and
Wittie 1990, Miller and Tausch 2001). Fire treatments
are therefore often not recommended for Phase 3 (Bates
et al. 2000, Miller et al. 2005) because it requires more
extreme fire conditions that are conducive to a crown
fire (Huffman et al. 2009), which is generally not
desired.
The total fuel load on site decreased in Phases 1 and 2

after prescribed fire treatment. Although there was a siz-
able increase in the herbaceous biomass, it had not yet
compensated for the amount of sagebrush biomass con-
sumed two years post treatment. This difference will
likely decrease in the future as herbaceous biomass con-
tinues to increase into the open spaces and as shrubs re-
cover from the treatment (Tausch and Tueller 1977,
Everett and Ward 1984, Bates et al. 2005). Fire severity
in these two phases is also expected to decrease, with
the exception of that part of Phase 2 that experienced an
increase in 1000-h DWD solid fuel. In Phase 3, pinyon
−juniper had a herbaceous biomass increase greater than
the amount of shrub biomass consumed. This suggests
that there is an increase in fuel and fuel continuity
across the system, increasing the probability of fire igni-
tion and spread.
Because the young juniper woodlands did not have an

abundance of 1000-h DWD and exhibited high variabil-
ity, the observations of these fuel categories were not
normally distributed and were therefore excluded from
statistical analysis. These fuels were estimated along
five 30 m transects, (i.e., 150 m total transect length
per plot) since larger fuels have been shown to vary at
broader scales than the fine fuels (Keane et al. 2012).
For future studies, we recommend longer transects or a
different sampling methodology for the 1000-h fuel cat-
egories for fuels assessments in sagebrush steppe and
juniper woodlands.

Mechanical treatment
Herbaceous biomass response varied by successional
phase following mechanical treatment. Mechanical treat-
ments did not significantly increase herbaceous biomass
in Phase 1, but increased two-fold to three-fold in Phase
2, and three-fold to six-fold in Phase 3 in western juni-
per (Table 1) and Utah (Table 3) juniper. Herbaceous
biomass in Phase 1 woodland would be expected to be
the least effected by juniper woodland encroachment,
thus it was not surprising that treatment results were
not significant. However, an increase in herbaceous bio-
mass in Phase 2 was found in two of the woodland re-
gions, supporting the notion that, even at lower juniper
densities, removal of juniper releases enough resources
for a herbaceous vegetation response to be measurable
(Bates et al. 2005, Miller et al. 2005). Other studies were
primarily conducted in Phase 2 and Phase 3 juniper
woodlands and found that mechanical treatments in-
creased soil nitrogen and water availability, leading to an
initial flush of herbaceous biomass in the first two years
post treatment (Tausch and Tueller 1977; Bates et al.
1998, 2000, 2005). Generally, herbaceous biomass peaked
within the first five to ten years, and shrubs eventually in-
creased in abundance (Tausch and Tueller 1977, Skousen
et al. 1989, Bates et al. 2005, Miller et al. 2014). Increased
herbaceous fuel connectivity may lead to increased prob-
ability for a fire to carry across the landscape.
Shrub biomass was generally not affected by mechanical

treatment. It was expected that shrub biomass would in-
crease as sagebrush would have benefited from the in-
crease in soil nitrogen and water availability. Previous
studies showed that chaining treatments (a type of mech-
anical treatment that has been used for brush control)
caused a vigorous shrub response within the first two
years post treatment (Tausch and Tueller 1977, Skousen
et al. 1989). However, Bates et al. (2005) found minimal
shrub response 13 years after a mechanical treatment. He
cited a lower initial shrub density within his plots as a



Bernau et al. Fire Ecology  (2018) 14:1 Page 11 of 13
possible cause of this slower response. This would not be
accurate in our study as Phase 2 still had a relatively intact
shrub component. Continued long-term study is needed
to determine if the shrub layer will respond to the
cut-and-leave mechanical treatment.
Changes in DWD varied by successional phase. In

Phase 1, we did not observe any increase in 10-h DWD
fuels in two of the regions, but a significant increase was
recorded in the pinyon −juniper region (Table 2). On
Utah juniper and pinyon −juniper sites in Phase 1, we
observed an increase in 100-h DWD. The increase in
larger fuels indicates that conversion of ≤10% juniper
tree cover to surface fuel may be defined by tree trunks
and has a minimal influence on the smaller fuels in the
fuel bed. Mechanical treatment influences on DWD in
Phase 2 and Phase 3 were more pronounced (Tables 1, 2
and 3). The fuel increase was expected and is a function
of converting live tree biomass to downed woody debris,
demonstrating that juniper canopy cover will remain in
the fuel bed two years post treatment.
Mechanical treatments used chainsaws to remove all

trees taller than 0.5 m, clearly reducing the probability
of a future crown fire. While the potential of a canopy
fire has been dramatically reduced by the mechanical
treatment, there is a corresponding increase to DWD
surface fuels, which can increase the potential for a
high-severity surface fire. In these surface DWD fuels,
fire-season moisture content is less than in live trees and
the fuel is now layered on the surface, which can in-
crease soil heating in the event of a fire, leading to in-
creased mortality of herbaceous vegetation and opening
up the landscape for invasion by exotic annual grasses.
The heavier woody fuels (100-h DWD) added to the

fuel bed were substantial in our study. For example, pin-
yon −juniper pre treatment had 1620 kg ha−1 100-h
DWD, but post treatment it had over 7200 kg ha−1

100-h DWD. The 100-h DWD and 1000-h fuels can re-
main in the ecosystem for decades. Decay rates in the
sagebrush steppe are variable and slow (Harmon et al.
1986) and may be influenced more through abiotic fac-
tors than biotic factors (Waichler et al. 2001). As the
1000-h fuels decompose and become rotten, they have
an increased risk of smoldering and soil heating when
burned (Passovoy and Fulé 2006), which may increase
fire’s effects on soil and vegetation.

Study-wide trends
We focus on three fuel components, including live
herbaceous, total shrub, and 10-h DWD, due to their
importance in influencing fire intensity and spread as
well as fire effects (Rothermel 1983, Ottmar et al.
2007). Both prescribed fire and mechanical treatments
increased live herbaceous biomass on juniper woodland
sites (Fig. 2). The percent increase was greater for fire
treatment compared to mechanical treatment. Mechan-
ical treatments understandably increase 10-h DWD the
greatest, given that trees were cut and left on the sites.
This increase was greatest where woody plant cover
was highest —in the Phase 3 woodland. The greater the
pre-treatment pinyon and juniper cover, the greater the
increase in 10-h DWD post-treatment.
The response of live herbaceous biomass was most

variable for Phase 3 woodlands as compared to Phases 1
and 2 (Fig. 3; Tables 1, 2 and 3). Percent increases in live
herbaceous biomass were greatest for Phase 3 woodlands
for both fire and mechanical treatments, but those
sites had low herbaceous biomass prior to treatment
(Tables 1, 2 and 3); thus, small absolute increases re-
sulted in large relative increases. Small residual amounts
of herbaceous plant populations resulted in erratic re-
sponses of those species.

Conclusions
Prescribed burning and mechanical treatments altered
fuels, and significant effects were documented two years
after implementation across woodland types. Changes in
vegetation amounts and structure will likely alter potential
fire behavior of the ecosystem in the future. Herbaceous
biomass increases resulting from these treatments could
increase the likelihood of fire spread if they become ig-
nited. The mechanical treatment effectively reduced live
tree biomass at all sites, but converted it to DWD, which
may have increased fuel continuity. The greatest increases
in DWD were observed on the Phase 3 woodland sites. As
the ecosystem recovers from treatment, DWD will persist
in the surface fuels, which could increase fire severity.
Prescribed fire’s effects were similar within each phase

across the woodland regions. The increased post-treatment
herbaceous biomass may assist in perpetuating fire spread,
making fire effects more consistent. An important differ-
ence between the treatments was the highly variable nature
of prescribed fire compared to mechanical treatment. Only
the fire treatment resulted in significant increases in herb-
aceous biomass in Phase 1, while both fire and mechanical
treatments resulted in increased herbaceous biomass in
Phases 2 and 3, suggesting that prescribed fire is the most
effective treatment in Phase 1, while fire and mechanical
treatments result in similar effects on herbaceous biomass
in more developed woodlands. Mechanical treatment had a
very uniform effect. Shrub biomass was largely lost in the
prescribed fire treatment while it remained unaffected in
the mechanical treatments. The potential for crown fire
was reduced while there was a corresponding increase in all
size classes for DWD surface fuels in Phase 2 and Phase 3.
The increase in fuel load may affect the ecosystem for many
years due to the arid environmental conditions. The in-
crease in DWD fuel will persist and add to the potential fire
severity in future fires, potentially leading to greater soil
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heating and herbaceous biomass mortality. Thus, mechan-
ical treatment of woodlands may best be used as a restor-
ation strategy as opposed to a fuel mitigation strategy.
Mechanical treatments may also be effectively used as an
initial treatment prior to a prescribed fire treatments. Of
the vegetation treatments studied, only prescribed fire re-
duced fuel in the ecosystem through the combustion of the
shrub and DWD fuel strata. In Phase 3 woodlands, pre-
scribed fire increased the surface fuel load by killing trees
and resulting in greater tree fall.
In the future, it is expected that herbaceous biomass

will continue to increase on the sites as grass species, in
particular, respond to the release from competition from
shrubs and trees. Sagebrush will re-establish on the
burned sites and contribute to future fuel loading, but
it will likely require more than a decade to achieve
pre-treatment levels. Large-sized classes of DWD that
were created by the treatments will remain on the sites
for many decades as decomposition rates occur slowly
in cold arid environments.
If management goals for vegetation treatments are to

reduce fuel loads, then mechanical and some prescribed
fire treatments may not be successful. For these vegeta-
tion treatments to be effective as fuel reduction treat-
ments, it may be necessary to add a second treatment,
such as mechanical followed by prescribed burning some
years later.
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