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Forest mastication treatments are increasingly utilized by land managers as a means of reducing tree
cover for fire hazard mitigation and other habitat objectives in piñon-juniper (P-J) woodlands.
Mastication converts trees into small pieces (e.g., wood chips), in the process creating canopy openings,
redistributing fuel from the canopy to the surface, converting large diameter to small diameter fuels, and
covering the ground with piles of woody debris. We measured vegetation and fuels at 192 sites in 24
pairs of 1–11-year-old mastication treatments and untreated adjacent controls in P-J woodlands of the
Arkansas River valley, Colorado, and used paired t-tests, mixed-effects models, and gradient analysis
(non-metric multidimensional scaling) to assess mastication effects.
Treatments were associated with major, persistent ecological shifts relative to controls. Tree cover and

canopy fuels were reduced in treatments; concomitantly, dead and down woody surface fuels, forb, and
graminoid cover were elevated. Treatments exhibited much higher frequency, richness, and cover by a
suite of non-native plant species including cheatgrass (Bromus tectorum). Non-native plant expansion
appears linked to the disturbance associated with treatment activities, reductions in tree canopy, and
alterations to ground cover, and effective mitigation of increases by these species may necessitate both
pre- and post-treatment control measures. Shifts from native-dominated woodlands to open, weedy,
herb- and shrub-dominated communities are likely to change patterns of abundance and habitat use
by woodland- and forest-dependent wildlife. Decreased canopy fuels and increased herbaceous surface
fuels including exotic annuals are expected to alter potential fire behavior. We encourage managers car-
rying out P-J mastication projects to explicitly address potential trade-offs between desired treatment
outcomes and potentially unwelcome impacts, and how these might be mitigated. It may also be worth
considering whether or not tree removal treatments will be warranted given anticipated climate change
impacts to these woodlands.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Forest mastication treatments are widely utilized by land man-
agers in the western U.S. as a means of thinning small trees and
‘‘ladder fuels” for fire hazard mitigation and restoration of
frequent-fire forest types (Battaglia et al., 2010; Glitzenstein
et al., 2006; Kane et al., 2009). The immediate effect of mastication
treatments (also referred to as chipping, shredding, or mulching) is
to convert trees and/or shrubs into many small fragments (e.g.,
wood chips), in the process creating canopy openings, redistribut-
ing fuel from the canopy to the surface, converting large- to small-
diameter woody fuels, and covering the ground with piles of
woody debris and litter (Kane et al., 2009). Increased above- and
below-ground resource availability following mastication is
expected to boost the abundance and production of graminoids,
forbs, and shrubs, though piles of wood chips may suppress colo-
nization or growth by some plant species (Wolk and Rocca,
2009). While mastication treatments are widely accepted as cost-
effective means of meeting short-term fuel and vegetation man-
agement goals, there remains considerable uncertainty about the
extent and duration of shifts in key ecological attributes and pro-
cesses including native and non-native plant species composition
(Kane et al., 2010; Roundy et al., 2014; Wolk and Rocca, 2009), soils
and nutrient cycling (e.g., Rhoades et al., 2012) and fire behavior in
masticated fuelbeds (Knapp et al., 2012; Kreye et al., 2014).

Beyond forest restoration, mastication treatments are increas-
ingly employed to reduce fuels and achieve a wide range of habitat
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objectives across a broad array of forest, woodland, and chaparral
systems, including piñon pine and juniper dominated vegetation
types. Piñon-juniper, or P-J, woodlands represent the third largest
vegetation type in the continental U.S., occupying ca. 40 million ha
(Laylock, 1999). They are highly variable and biodiverse, comprised
of multiple combinations of different species of Juniperus and Pinus
subsection Cembroides, and support a rich fauna and flora, includ-
ing particularly diverse and obligate bird communities. P-J
woodlands contain the largest species list of nesting birds of any
upland habitat type in the western U.S. (Balda and Masters,
1980), with up to 20% obligate species (Paulin et al., 1999) such
as the Piñon Jay (Gymnorhinus cyanocephalus), and many species
of conservation concern (Colorado Partners in Flight, 2000;
USFWS, 2008). However, in spite of their ubiquity and ecological
values, management of P-J woodlands has often been hindered
by an inadequate understanding of their ecology, dynamics, and
human impacts (Romme et al., 2009). In many cases, direct
management interventions such as thinning or fuel reductions
may not represent ecological restoration (Baker and Shinneman,
2004).

While there is substantial documentation of historical piñon
and juniper expansion in some settings (e.g., Miller and Rose,
1999), recent dynamics of P-J systems also include increases and
decreases in density within stands, and losses within large patches
of high-severity wildfire (Breshears et al., 2005; Floyd et al., 2004).
Pre-settlement low-severity fire is not generally considered to
have played an important role in persistent P-J woodlands (sensu
Romme et al., 2009), where fire regimes were probably character-
ized by very rare stand-replacing fire (Floyd et al., 2004;
Shinneman and Baker, 2009). In piñon-juniper savannas, fire-
scarred trees are more common, and there is some evidence that
the cessation of low-severity fire led to tree expansion (Leopold,
1924; Margolis, 2014). Climate and fire are also implicated in
recent declines in piñon-juniper woodlands. Warming and
drought, generally in combination with bark beetles, is responsible
for extensive regional die-off within P-J woodlands (Breshears
et al., 2005). Though the full extent of P-J woodland-specific
impacts of recent increases in wildfire has not been quantified,
two studies have demonstrated anomalous rises in high-severity
fire and piñon and juniper losses relative to historical fire regimes
(Arendt and Baker, 2013; Floyd et al., 2004).

Management activities within P-J woodlands over the last ca.
six decades have been primarily focused on tree removal to
increase forage for wildlife and livestock (Aro, 1971; Redmond
et al., 2014). The most common treatments historically have been
bulldozing, cabling and chaining, in which a steel cable or anchor
chain was dragged between two bulldozers to uproot all trees,
effectively converting woodlands to shrub- or grass-dominated
systems (Aro, 1971). Several studies have concluded that these his-
torical practices led to long-term effects on vegetation and wildlife
still strongly evident today (Gallo and Pejchar, 2017; Gallo et al.,
2016; Redmond et al., 2013; Schott and Pieper, 1987). These treat-
ment techniques have recently been largely replaced by mastica-
tion (Redmond et al., 2013). However, as with chaining,
mastication is a disturbance type with no natural analog in these
systems, and consequently may yield unexpected effects. For
example, mastication debris produces entirely novel fuelbeds with
anticipated fire behavior not fully understood (Kane et al., 2009;
Knapp et al., 2012; Kreye et al., 2014); this is expected to be partic-
ularly so in P-J woodlands where surface fuels are generally sparse.
Furthermore, mastication treatments in P-J woodlands appear to
be especially susceptible to colonization by non-native annual
plant species (e.g., Huffman et al., 2013; Ross et al., 2012;
Roundy et al., 2014). Increased abundance of non-native species
in P-J woodlands may lead to novel plant communities with
influences on fire behavior (Zouhar et al., 2008)—particularly fol-
lowing increases in annual grasses such as cheatgrass, Bromus tec-
torum (e.g., Brooks et al., 2004)—and therefore altered ecological
resilience to subsequent disturbance.

The purpose of our study was to assess the effects of
mastication treatments on vegetation composition and structure,
non-native plant species abundance, and surface and canopy fuel
loadings in piñon-juniper woodlands of central Colorado. We con-
trasted these response variables in a series of treatment-control
pairs. Because our study area embodied a chronosequence of
1–11-year-old treatments and a climate gradient, running from
cooler and drier interior sites to warmer and wetter sites on the
eastern edge of the Rockies, we also examined the effects of
time-since-treatment and regional climate on vegetation and fuels
variables.
2. Methods

2.1. Study site

Our study encompassed piñon-juniper woodlands of the Arkan-
sas River valley between Salida and Cañon City, Colorado (Fig. 1),
within lands managed by the Bureau of Land Management Royal
Gorge Field Office (BLM RGFO). Elevation across the study area
ranges from 1600 m to over 3900 m; the elevation of Salida is
2160 m and the elevation of Cañon City is 1615 m. Piñon-juniper
woodlands occupy upland sites at elevations <ca. 2500 m. The
BLM RGFO study area embodies a climate gradient: cooler and
drier in the west and warmer and wetter in the east. Mean annual
temperature in Salida is 7.7 �C and 12.2 �C in Cañon City; mean
annual precipitation increases from 27.6 cm in Salida to 32.1 cm
in Cañon City (1981–2010 30-year means for all; Western Regional
Climate Center, 2012; http://www.wrcc.dri.edu/). Conditions dur-
ing field sampling of fuels and forest structure in 2014 were
slightly cooler and drier than normal (11.1 �C and 29.4 cm in Cañon
City). In 2015, we sampled understory vegetation under conditions
of nearly average temperature but greater than average precipita-
tion (12.1 �C and 57.3 cm in Cañon City). The climate gradient
within our study area also corresponds with a gradient in P-J
woodland composition, structure, and probable historical dynam-
ics (e.g., Romme et al., 2009), from persistent woodland-type sys-
tems dominated by two-needle piñon (Pinus edulis) and
intermixed with Rocky Mountain juniper (Juniperus scopulorum)
at higher elevations in the cooler and drier western portions of
the study area, toward more savanna-like stands dominated by
oneseed juniper (J. monosperma) bordering the plains in the east.
Between 1998 and the initiation of our study in 2012 the BLM
RGFO conducted over 300 fuels reduction treatments on nearly
6900 ha, including 2800 ha of mastication treatments (Matt Rus-
tand, Wildlife Biologist, BLM RGFO, personal communication).
Mastication treatments were conducted with a Hydro-ax� with a
rotary mower or a Fecon� mulcher.

Within our study area, we identified 24 different masticated
treatment units (Table 1), each paired with an adjacent, untreated
control unit, for field measurements of vegetation, and fuels
(Fig. 1). Unit selection criteria included correct vegetation type
(P-J woodlands), adequate area for four sample plots separated
by >200 m, and accessibility. The mastication treatments we exam-
ined were implemented between 2003 and 2014; two units had
some follow-up hand work (Table 1). Within each unit, we
installed at random four sample plots (points placed at random
in mapped polygons of treated or untreated P-J habitats; some
treatment units were comprised of multiple treated polygons)
separated by >200 m, for a total of 192 sample plots.

http://www.wrcc.dri.edu/


Fig. 1. Locations of sample sites in mastication treatments and adjacent, untreated units in the Arkansas River valley of central Colorado, USA.
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2.2. Field sampling

Plot center locations (UTMs; NAD 83) were marked with survey
stakes and recorded using a handheld GPS unit. At plot center we
measured slope inclination, aspect, and elevation. From plot center,
we established a 5.64-m radius (0.01-ha) plot to measure the basal
area and height, and visually estimate canopy cover, by species, of
all live and dead trees >1.37 m height. Basal area was measured as
diameter at breast height, dbh, for single-stemmed trees and diam-
eter at root collar, drc, for multi-stemmed trees. For a subset of at
least 1 tree per plot we measured both dbh and drc; these data
were used to develop a linear regression model relating the two
measures for later conversions. We measured the live crown base
height for all trees in each sample, and for treeless treated samples,
from the nearest tree. Vegetation was sampled at 102 points
spaced at 0.3-m intervals along three, 10.2-m line-point-intercept
transects originating at the plot center. The first transect bearing
was assigned at random, the second and third were offset by
120� and 240�, respectively. We recorded the species identity of
all herbs, shrubs, and tree seedlings <1.37-m height, the ground
cover type (cryptogams, bare soil, rock, litter, wood, or live plant),
and the height of highest plant or dead and down woody fuel con-
tact with each intercept point (‘‘hit”) on each transect. We also
noted whether points occurred beneath a tree (>1.37 m) canopy,
tree species, and whether or not points occurred above a mastica-
tion debris (wood chip) pile. A complete list of all plant species
encountered in samples is presented in Appendix A; nomenclature
follows the PLANTS Database (USDA, NRCS, 2015).

Surface fuels were also sampled by timelag moisture classes
using Brown’s planar intersect method (Brown, 1974) along three
separate, 10-m transects separated by 120�. We recorded 1000-h
(>7.62 cm diameter) fuels by decay class along the entire transect,
100-h (2.54–7.62 cm) fuels along the last 5 m, and 1- (<0.64 cm)
and 10-h (0.64–2.54 cm) fuels along the last 2 m. At every meter
we recorded the depth of litter, duff, and any dead wood, by size
class. We also measured slope inclination of each transect and took
a digital photo looking from the end toward plot center.

2.3. Analysis

All analyses were conducted in R (R Core Team, 2016). To char-
acterize general patterns of plant community composition in
untreated and treated sites, and their associations with shifts in
canopy cover, ground cover, topography, and climate, we con-
ducted a non-metric multidimensional scaling (NMS) using R pack-
age ‘vegan’ (Oksanen et al., 2016). This analysis utilized coverages
of 142 plant taxa averaged across all 12 transects at each of 48 sites
(24 treatments and 24 controls); cover was calculated as the total
number of ‘‘hits” on the three point-line-intercept transects
divided by the number of sample points (102). We employed a
Bray-Curtis (Sørensen) distance measure of absolute cover values.
Relationships between ordination axes and environmental vari-
ables of interest were illustrated using the ‘ordisurf’ function,
which uses generalized additive models (GAMs) to fit and plot sur-
faces on ordination diagrams (Oksanen et al., 2016). We examined
the relationships between ordination axes and treatment, cover by
plant life form types (trees, shrubs, forbs, and graminoids) and spe-
cies, ground cover, topography (elevation, slope, and heat load
index), and regional climate gradients [1981–2010 mean annual
temperature and precipitation, extracted from 800-m interpolated
climate grids (PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu), created 31 October 2015)].

To assess treatment impacts on non-native plant species we
used paired t-tests to test for differing richness and total cover,
and a Wilcoxon signed rank test to test for differing occurrence,
in treatment vs. control sample units. Plants of uncertain native
status (e.g., Poa pratensis; classified as both introduced and native
in the lower 48; USDA, NRCS, 2015) were excluded from these
analyses. We also tested for differences in richness of native plants
between controls and treatments. Treatments may be expected to

http://prism.oregonstate.edu


Table 1
Mastication treatments sampled: site name (BLM treatment name in parentheses if different), treatment type, year, and area. Area is for polygons that included sample sites and
may not represent the entire area treated. More than one area value is given where sample sites incorporated multiple polygons.

Site name Treatment type Treatment year Area (ha)

Booger Red Hydro-ax 2008 14, 10
Rx fire (may have included 1 treated & 1 control sample site) 2010 28

Cherokee Heights 1 Hydro-ax 2004 28
Hand thin/maintenance 2009 28

Cherokee Heights 2 Hydro-ax 2005 24, 10
Hand thin/maintenance 2009 24, 10

Dawson Ranch Hydro-ax 2004 15, 6, 6, 5
Hand thin/maintenance 2011 39

Eight Mile Mountain 1 Hydro-ax 2003 32
Eight Mile Mountain 2 Hydro-ax 2003 73
Garden Park 1 Hydro-ax 2010 18
Garden Park 2 Hydro-ax 2010 52
Lower Kerr Gulch (Kerr Gulch) Hydro-ax 2014 n/a
Lower Sand Gulch (includes Sand Gulch and McCoy SWA) Hydro-ax 2009 9, 4
Lower Sand Gulch 2 Hydro-ax 2014 n/a
McCoy Gulch Hydro-ax 2011 22, 17
Pole Gulch Hydro-ax 2011 13, 13
Racepath Gulch 1 Hydro-ax 2012 7, 46
Racepath Gulch 2 Hydro-ax 2012 39
Racepath Gulch 3 Hydro-ax 2012 22, 12
Trail Gulch 1 Hydro-ax 2008 99

Slash 2009 99
Trail Gulch 2 Hydro-ax 2009 72
Trail Gulch 3 Hydro-ax 2013 44
Trail Gulch 4 Hydro-ax 2013 78
Turkey Gulch (Road Gulch) Hydro-ax 2005 60
Upper Kerr Gulch (Kerr Gulch) Hydro-ax 2006 19
Upper Sand Gulch 1 (Howard) Hydro-ax 2007 5, 8
Upper Sand Gulch 2 (Howard) Hydro-ax 2007 19, 6
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influence the abundance of non-native plants through (a) changes
in ground cover (wood chip piles), (b) removal of tree canopy, and/
or (c) disturbance and dispersal during the treatment process. To
test the relative importance of these effects, we used generalized
linear mixed effects models. We modeled the presence of non-
native species as a binomial response variable at each point on
the line-point-intercept transect; points with one or more ‘‘hits”
by a non-native plant were scored as a 1, points with none were
scored as a 0. Models tested the following fixed, binomial predictor
variables: atop wood chip pile (point above a pile of mastication
debris), adjacent to wood chip pile (within 1-m on either side of
a pile), bare soil, tree canopy, and treatment (treatment vs. con-
trol). Sample plot nested within treatment unit was included
within all models as a random effect. We used a stepwise approach
to determine the best-fitting model, based on minimizing Akaike’s
Information Criterion (AIC) with P < 0.10 for all variable coeffi-
cients. We created separate models for cheatgrass (the most abun-
dant non-native species, occurring at 320 points), annual forbs
(Lactuca serriola, Salsola tragus, Sisymbrium altissimum, and Trago-
pogon dubius, collectively occurring at 136 points), and all non-
native species (those listed above plus Cirsium arvense and Verbas-
cum thapsus, 443 points). We used the lme4 package (Bates et al.,
2014) for mixed effects models.

To convert numbers of intersections of dead woody fuels to fuel
mass at each sample site, we used the composite (multi-species)
equations of Brown (1974). Measured depths of duff and litter
were converted to mass using P-J-specific duff and litter bulk den-
sity values (Battaglia et al., 2010). Because the planar intersect
method may yield low estimates of surface fuels in mulched fuel-
beds, we also used the predictive equations developed by Battaglia
et al. (2010) for P-J masticated fuelbeds to estimate total mulch
fuel load (litter, duff, 1- and 10-h fuels) within treatments, though
estimates generated from these treatment-specific equations
cannot be directly compared to those from untreated sites.
Herbaceous and live woody surface fuel (shrub) volumes were
calculated from the vegetation point-line intercept transects
(percent cover � height) and multiplied by 0.8 kg m�3 for herbs
and 1.8 kg m�3 for shrubs (values from FIREMON database, Lutes
et al., 2006). Fuelbed depth was calculated as the mean litter depth
plus mean top ‘‘hit” height of any plant or dead woody fuel. Canopy
base height (CBH) was calculated as the mean crown base height
(Sando and Wick, 1972; Ruiz-González and Álvarez-González,
2011) of all trees in each sample site. Canopy bulk density (CBD)
was calculated from allometric equations fitted to each sampled
tree by species at each site: Pinus edulis and Juniperus monosperma
(Grier et al., 1992), J. scopulorum (Weaver and Lund, 1982),
P. ponderosa and Pseudotsuga menziesii (Brown, 1978). We followed
Linn et al. (2013) in calculating CBD of piñon-juniper woodlands as
the total of canopy foliage + all twigs <2 mm diameter.

We used paired t-tests to assess differences between control
and treatment units in surface and canopy fuels, including litter
+ duff, 1 + 10-h fuels, 100 + 1000-h fuels, herbaceous and woody
(shrub) surface fuels, fuelbed depth, tree cover, canopy bulk
density, and canopy base height. Likewise, we tested for differ-
ences in the density and basal area of piñon, juniper (combined
J. monosperma and J. scopulorum), and total tree seedling density.
Tests were conducted at the unit-level, using the mean of four
sample plots from each of the 24 pairs of units.

Because slope inclination covaried with the treatment factor
(shallower slopes at treated sites, steeper slopes at controls), we
also tested a series of linear models that included treatment, slope
and other topographic and climate covariates. We tested for these
effects on all of the surface and canopy fuel and vegetation
response variables subjected to t-tests, listed above. These were
intended to disentangle any potential confounding influence of
slope on apparent treatment effects, as well as assess the possible
role of several topographic and climatic influences on shaping
dependent variables of interest. Within treated sites only, we
tested for the effects of time-since-treatment (years since mastica-
tion treatment date) and other topographic and climate covariates
on the fuels and vegetation variables described above. For dead and
down surface fuels, we developed models using estimates derived
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from standard equations (Brown, 1974) and those developed by
Battaglia et al. (2010) specific to masticated P-J woodlands. We
conducted these tests using all treated sites and also with the units
that received follow up hand treatments (Cherokee Heights and
Dawson, Table 1) excluded. Finally, we used chi-square tests to test
for differences in the proportions of piñon and juniper basal area,
tree density, and seedling density in treatments vs. controls.
3. Results

3.1. Treatment effects on vegetation structure and composition

Non-metric multidimensional scaling produced a three-
dimensional solution (Fig. 2a–c) with a stress of 0.13 (13%). The
first axis, NMS 1 represented a shift between untreated controls
and treatments (Pearson’s r = 0.84). NMS 1 was also linked nega-
tively to slope inclination (r = �0.57): mastication treatments
occurred on shallower slopes than controls (Fig. 2a and b). The sec-
ond ordination axis, NMS 2 (Fig. 2b and c) was related to regional
and local temperature gradients, correlated negatively with heat
load index and mean temperature (r = �0.48 and �0.38, respec-
tively) and positively with elevation (r = 0.45). Finally, NMS 3
was strongly positively correlated with annual precipitation
(r = 0.57), and represented a regional precipitation gradient from
drier sites at the west end of our study area toward wetter sites
at the east (Fig. 2b and c).

Ordination revealed major shifts in plant community composi-
tion associated with fuels treatments (Fig. 2). Woodland trees
including piñon pine (PIED), oneseed juniper (JUMO) and Rocky
Mountain juniper (JUSC2) and shrubs including mountain maho-
gany (CEMO2, Cercocarpus montanus) and Gambel’s oak (QUGA,
Quercus gambellii) decreased in abundance along NMS 1. Littleseed
ricegrass (PIMI, Piptatheropsis micrantha), a characteristic under-
story species, was also reduced in treatments. Concomitantly, a
number of grasses including purple three-awn (ARPU9, Aristida
purpurea), blue grama (BOGR, Bouteloua gracilis), needle-and-
thread (HECO26, Hesperostipa comata), bottlebrush squirreltail
(ELEL5, Elymus elymoides) and cheatgrass (BRTE) showed increases
in treatments. Oneseed and Rocky Mountain juniper occurred at
opposite ends of NMS 2 (at low and high elevations, and warmer
and cooler sites, respectively) and NMS 3 (at wetter vs. drier ends,
respectively; Fig. 2c). Cheatgrass also tended to occur at higher
Fig. 2. Non-metric multidimensional scaling (NMS) of plant species coverages at study
represent control sites; hollow (yellow) represent treatments. Vectors indicate the d
topographic and climate variables including elevation (m), HLI (heat load index), slope (
Centroids of plant species abundance for the 12 most common species are shown by
scribnerii); ARPU9, purple three-awn grass (Aristida purpurea); BOGR2, blue grama (
bottlebrush squirreltail (Elymus elymoides); HECO26, needle-and-thread (Hesperostipa
juniper (Juniperus scopulorum); PIED, piñon pine (Pinus edulis); PIMI, littleseed rice
interpretation of the references to colour in this figure legend, the reader is referred to
elevations (higher scores on NMS 2) but predominantly in the
more mesic, eastern portion of the study area (higher scores on
NMS 3; Fig. 2c).

Ordination axes illustrate the varying influences of canopy and
ground cover characteristics on total cover by different plant strata
and non-native species (Fig. 3). NMS 1 was strongly negatively cor-
related with tree canopy cover (r = �0.65; Fig. 3a), and positively
correlated with cover by dead and down woody debris (r = 0.49;
Fig. 3e). Bare soil also increased in treatments (NMS 1, r = 0.34),
but decreased along the precipitation gradient (NMS 3, r = �0.34;
Fig. 3f). Shrub cover increased on NMS 1 (r = 0.53), was not linearly
related to NMS 2, and decreased with increasing precipitation on
NMS 3 (r = �0.29; Fig. 3b). Graminoid cover increased along NMS
1 (r = 0.76), rose with higher elevations and more mesic topo-
graphic position on NMS 2 (r = 0.35) and greater precipitation on
NMS 3 (r = 0.28; Fig. 3c). Forb cover also increased on NMS 1
(r = 0.42) and NMS 3 (r = 0.60; Fig. 3d). Finally, cover by non-
native species increased into treatments (NMS 1, r = 0.35), but also
rose strongly with increasing elevation and precipitation along
NMS 2 (r = 0.44) and NMS 3 (r = 0.31), respectively.
3.2. Non-native plants

Across all samples, we identified 20 non-native species classi-
fied as introduced (USDA, NRCS, 2015), including: crested wheat-
grass (Agropyron cristatum), burdock (Arctium minus), cheatgrass
(Bromus tectorum), littlepod false flax (Camelina microcarpa), musk
thistle (Carduus nutans), Canada thistle (Cirsium arvense), bull this-
tle (Cirsium vulgare), bindweed (Convolvulus arvensis), stork’s bill
(Erodium cicutarium), prickly lettuce (Lactuca serriola), black medic
(Medicago lupulina), alfalfa (Medicago sativa), yellow sweetclover
(Melilotus officinalis), prickly Russian thistle (Salsola tragus), tall
tumblemustard (Sisymbrium altissimum), salsify (Tragopogon
dubius), puncturevine (Tribulus terrestris), white clover (Trifolium
repens), mullein (Verbascum thapsus), and hairy vetch (Vicia villosa).
We also identified five potentially non-native species of uncertain
origin (classified as both native and introduced in the lower 48;
USDA, NRCS, 2015): yarrow (Achillea millefolium), smooth brome
(Bromus inermis), common pepperweed (Lepidium densiflorum),
Kentucky bluegrass (Poa pratensis), and common dandelion
(Taraxacum officinale).
sites: (a) NMS axes 1 & 2, (b) NMS 1 & 3, (c) NMS 2 & 3. Filled (green) symbols
irection and strength (Pearson’s r) of relationships between ordination axes and
�), MAP (mean annual precipitation, mm) and MAT (mean annual temperature, �C).
crosses. Species codes are as follows: ACSC11, Scribner lettergrass (Achnatherum
Bouteloua gracilis); CEMO2, mountain mahogany (Cercocarpus montanus); ELEL5,
comata); JUMO, oneseed juniper (Juniperus monosperma); JUSC2, Rocky Mountain
grass (Piptatheropsis micranthum); QUGA, Gambel’s oak (Quercus gambelii). (For
the web version of this article.)



Fig. 3. Relationships between NMS axes 1 & 3 and percent cover by (a) trees, (b) shrubs, (c) graminoids, (d) forbs, (e) dead and down woody fuels, and (f) bare soil,
represented by contours produced by general additive models (GAMs).

Fig. 4. Non-native plant species (a) occurrence in sample sites within each unit, (b) richness, and (c) cover in untreated controls vs. mastication treatments.
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Non-native species were much more frequently encountered at
treated than control sites, occurring at 86% of sample plots in treat-
ments and 51% of untreated sample plots (Wilcoxon signed rank
test P < 0.001, 23 d.f.; Fig. 4a). Richness of non-native species in
Table 2
Generalized linear mixed-effects model intercepts, coefficients, and significance for factors
indicate the term was not included in the best fitting model. Factors are as follows: tree ca
pile of mastication debris), next to chips (point occurred within 1 m adjacent to mastica
* P < 0.05, ** P < 0.01, *** P < 0.001.

Variable Intercept Fixed effects coefficients

Tree canopy

Bromus tectorum �12.44*** �1.60*

Annual non-native forbs �11.29***

All non-native plant spp. �9.54*** �1.01**
treatments was more than double that of controls: 2.8 species in
treatments, 1.3 species in controls (paired t-test P < 0.001, 23 d.f.;
Fig. 4b). Total cover by all non-natives was much greater in treated
(4.7%) than untreated sites (0.3%, paired t-test P = 0.02, 23 d.f.;
hypothesized to influence non-native species occurrence at sample points. Empty cells
nopy (point occurred beneath tree canopy), on chips (point occurred above a distinct
tion debris pile), bare soil, and treatment (point occurred within a treatment unit).

On chips Next to chips Bare soil Treatment

�1.58** 1.72**

4.29***

�1.11** �0.98*** 3.32***



74 J.D. Coop et al. / Forest Ecology and Management 396 (2017) 68–84
Fig. 4c). In contrast, richness of native species was nearly identical
between treatments and controls (24.3 vs. 23.5, paired t-test
P = 0.48, 23 d.f.).

We found evidence for impacts of ground cover alterations,
removal of canopy cover, and direct disturbance impacts of treat-
ments on the abundance of non-native plants (Table 2). Non-
native species collectively and cheatgrass both showed a negative
effect of tree canopy (positive effect of canopy removal) and a neg-
ative effect of wood chip piles. Cheatgrass also showed a positive
effect of proximity (within 1 m) to wood chip piles. All non-
native species were negatively related to bare soil. Finally, models
of all annual non-native forbs and all non-native species showed
strong positive effects of treatments that were not accounted for
by tree canopy or ground cover variables.

3.3. Treatment effects to canopy and surface fuels

Treated sites showed strong differences from untreated controls
for most measured surface (Fig. 5) and canopy (Fig. 6) fuels param-
eters. Litter + duff did not show significant differences between
treatments and controls (4.98 vs. 7.10 Mg ha�1; paired t-test
P = 0.06, 23 d.f.; Fig. 5a). Mastication treatments increased 1
+ 10 h fuels (4.81 vs. 3.14 Mg ha�1; paired t-test P = 0.02, 23 d.f.;
Fig. 5b). Our estimates of litter + duff in masticated sites using
Brown’s equations yielded values substantially less (4.97 vs. 7.47,
paired t-test P < 0.001, 23 d.f.) than estimates based on equations
from Battaglia et al. (2010). Likewise, our estimate of 1 + 10 h fuels
in masticated sites was also substantially less than an estimate
based on the Battaglia et al. (2010) equation (4.81 vs. 10.76, paired
t-test P < 0.001, 23 d.f.). We did not find significant differences in
the quantity of 100 + 1000 h fuels between masticated and
untreated sites (4.03 vs. 2.92 Mg ha�1; paired t-test P = 0.06, 23
d.f.; Fig. 5c). Live herbaceous fuels were much greater in
treatments than untreated controls (0.47 vs. 0.18 Mg ha�1; paired
Fig. 5. Estimates of surface fuel parameters in untreated controls vs. mastication treatme
(d) herbaceous fuels, (e) shrubby fuels, and (f) fuelbed depth.
t-test P < 0.001, 23 d.f.; Fig. 5d). Live woody fuels were not signifi-
cantly different (0.517 vs. 0.668 Mg ha�1 paired t-test P = 0.34, 23
d.f.; Fig. 4e). Fuelbed depth increased in treatments (0.087 vs.
0.066 m; paired t-test P = 0.02, 23 d.f.; Fig. 5f). Treatments signifi-
cantly reduced tree canopy cover (5.25 vs. 36.1%; paired t-test
P = 0.002, 23 d.f.; Fig. 6a) and canopy bulk density (CBD; 0.047
vs. 0.214 kg m�3; paired t-test P < 0.001, 23 d.f.; Fig. 6b). We also
found that canopy base height (CBH) was significantly lower in
treated sites (0.35 vs. 0.54 m; paired t-test P < 0.001, 23 d.f.;
Fig. 6c). Tree seedling density was also significantly lower in trea-
ted sites (353.1 vs. 879.17 ha�1; paired t-test P = 0.002, 23 d.f.).

Treatments showed significantly lower piñon basal area (1.91
vs. 9.80 m2 ha�1; paired t-test P < 0.001, 23 d.f.) and density (84.4
vs. 552.1 ha�1; paired t-test P < 0.001, 23 d.f.) and juniper basal
area (1.89 vs. 7.09 m2 ha�1; paired t-test P = 0.007, 23 d.f.) and den-
sity (53.1 vs. 142.7 ha�1; paired t-test P < 0.001, 23 d.f.) than con-
trols. Though slightly reduced, the relative proportion of total
basal area accounted for by piñon was not significantly different
in treatments vs. controls (49% vs 57%, respectively, chi-square
P = 0.59, 1 d.f.); nor was the proportion of tree density (61% vs.
79%, chi-square P = 0.17, 1 d.f.) or seedling density (77% and 88%,
chi-square P = 0.32, 1 d.f.). Likewise, the relative proportion of total
basal area accounted for by juniper was non-significantly higher in
treatments vs. controls (48% vs 41%, respectively, chi-square
P = 0.63, 1 d.f.); as was their proportion of tree density (39% vs.
21%, chi-square P = 0.18, 1 d.f.) and seedling density (23% and
12%, chi-square P = 0.32, 1 d.f.).

Though mastication treatments were preferentially conducted
on shallower slopes than the surrounding, untreated landscape,
models that included slope as a covariate indicated that treatment,
and not slope, was the driving factor responsible for observed dif-
ferences in surface and canopy fuels, tree seedling density, and
non-native plant species cover (Appendix B). Slope was not a sig-
nificant predictor in any best-fitting model, though several other
nts, including (a) litter + duff, (b) 1 + 10 h woody fuels, (c) 100 + 1000 h woody fuels,



Fig. 6. Estimates of canopy fuel parameters in untreated controls vs. mastication treatments, including (a) canopy cover, (b) canopy bulk density, and (c) canopy base height.

Table 3
Linear model intercepts, coefficients, and significance for time-since-treatment and other topographic and climate factors hypothesized to influence fuels and vegetation
parameters within mastication treatments. Best fitting models (lowest AIC and DAIC > 2) are shown. Empty cells indicate the term was not included in the best fitting model. NS
indicate that there was no terms with P < 0.10 in any model, _P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001. AIC is given to compare models of litter + duff and 1 + 10 h fuels.

Variable Intercept Time (years post-treatment) Slope (�) Elevation (m) MAP (mm) MAT (�C) r2 df AIC

Litter + duff (Mg ha�1) 109.75** �0.19_ 0.17_ �0.03* �4.04* �0.02* 0.35 22 100.8
Litter + duff (Mg ha�1) a 144.98** �0.35* 0.27_ �0.04** �4.73* �0.03** 0.52 18 113.8
1 + 10 h fuels (Mg ha�1) 27.54** �0.27_ �0.007* �0.02* 0.35 20 118.6
1 + 10 h fuels (Mg ha�1) 6.586*** �0.344* 0.14 22 120.6
1 + 10 h fuels (Mg ha�1)a 208.62** �0.50* 0.40_ �0.057** �0.04** �6.8* 0.52 18 131.3
100 + 1000 h fuels (Mg ha�1) NS
Herbaceous fuels (Mg ha�1) �1.006* 0.036* 0.003** 0.32 21 14.5
Live woody surface fuels (Mg ha�1) 0.043. 0.092** 0.29 22 37.7
Fuelbed depth (m) �0.097 0.006* 0.0004* 0.30 21 �79.5
Tree cover (%) NS
CBD (kg m�3) 3.12*** �0.0009*** �0.12** 0.48 21 �81.5
CBH (m) �0.505_ 0.002* 0.19 22 3.7
P. edulis basal area (m2 ha�1) NS
P. edulis density (ha�1) 4509.9* �1.36* �177.64* 0.26 21 288.60
Juniperus basal area (m2 ha�1) 266.9** �0.08*** �10.74** 0.46 21 134.65
Juniperus density (ha�1) 6478.2** �1.98** �258** 0.41 21 292.6
Tree seedlings density (ha�1) 17,972* �5* �700* 0.26 21 357.2
Non-native plant cover (%) 0.01_ 0.90_ 0.12 22 170.0

a Fuel load was estimated using the equation given by Battaglia et al. (2010).
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topographic predictors that did not vary systematically with treat-
ment (elevation, MAT, and MAP) were significant in some models
(Appendix B).

Within mastication treatments, loadings of several important
classes of fuels showed relationships to time-since-treatment
(Table 3). Both litter + duff and 1 + 10 h fuels were significantly
negatively related to the number of years since the treatment
was completed. Conversely, herbaceous and shrubby fuels, and
total surface fuelbed depth (which includes live and dead surface
fuels) increased strongly as a function of years since treatment
(Table 3). Larger diameter woody surface fuels and canopy fuels
did not show significant relationships to time-since-treatment.
Likewise, neither tree nor tree seedling density exhibited increases
with time over the 11 years of treatments examined in this study.
Analyses excluding units experiencing follow up treatments (not
shown) did not differ substantially from those presented in Table 3.
Slope was not significant in any model, but elevation, MAP, and
MAT were all related to more than one measured variable. Gener-
ally, warmer and wetter sites showed reduced dead and down
woody fuels in treatments; herbaceous fuels increased with
increasing precipitation (Table 3).

4. Discussion

Relative to untreated control sites, mastication treatments
drove major, sustained changes to vegetation structure and com-
position, and canopy and surface fuel loads, in the P-J woodlands
of our study area in central Colorado (Figs. 2–5). These included
large reductions in tree canopy cover and canopy fuels, and con-
comitant increases in cover by grasses, forbs, shrubs, and surface
fuels (Figs. 5 and 6). We also observed only relatively minor
changes in key vegetation and fuels measures across the 11-year
chronosequence of treatments sampled in this study. Measures of
tree abundance, cover, and canopy fuels did not rebound in older
treatments, though we should note the potential effects of follow
up maintenance thinning at the three oldest of our 24 sites might
obscure any such recovery. Likewise, tree seedling abundance in
treatments did not show returns to pre-treatment levels over time
(time-since-treatment was not a significant predictor; Table 3).
Together, these substantial, persistent canopy reductions coupled
with sparse tree regeneration suggest mastication treatments in
P-J woodlands are likely to have an effective duration of many dec-
ades. Persistent treatment effects in these relatively unproductive
P-J woodlands is consistent with delayed responses to other distur-
bances such as historical fire (Barney and Frischknecht, 1974) or
chaining treatments (Redmond et al., 2013), but contrasts with
rapid tree regrowth following mastication treatments in more pro-
ductive forest types (e.g., Stephens et al., 2012). We also found
increases in herb and shrub cover as a function of time since treat-
ment across our 11-year chronosequence (Table 3). Similarly,
Fornwalt et al. (2016) reported increases in grasses and forbs in
mulched P-J woodlands continuing through at least 6–9 years post
treatment. Decreases in small diameter woody fuels as a function
of time since treatment (Table 3) are likely due to the removal of
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their sources coupled with gradual decomposition and/or some
redistribution. Though small diameter dead and down woody fuels
decreased in older treatments, total fuelbed depth increased, dri-
ven by increases in herbs and shrubs (Table 3).

Three major shifts in vegetation composition associated with
mastication treatments included (1) reduced cover by both piñon
and juniper trees, (2) increases by a suite of shade-intolerant,
native grasses, and (3) a considerable expansion of weedy, non-
native species (Figs. 2–6). Each of these shifts also showed relation-
ships to measured climate variables across our study area. While
total tree cover and canopy fuels was most strongly affected by
treatments, and did not vary substantially along the climate gradi-
ent, cover and density of junipers increased at lower elevation and
warmer sites (Fig. 2, Table 3), with a shift from Rocky Mountain to
oneseed juniper. Though we did not find significant shifts in the
relative proportions of piñon and juniper trees or seedlings in
treatments vs. controls, the slight proportional decreases in piñon
and increases in juniper are suggestive of longer-term changes
reported by others (Redmond et al., 2013; Schott and Pieper,
1987) toward increased juniper dominance following thinning.

Masticated treatments in our study area did not yield changes
to native species richness, in contrast with findings elsewhere
(e.g., Fornwalt et al., 2016), though patterns of cover by these spe-
cies changed substantially. In addition to reduced cover by tree
species in treatments, one native understory plant species, little-
seed ricegrass, was less abundant in treatments (Fig. 2). In our
study area this species is most frequent directly beneath piñon
and juniper canopies within intact woodlands (J. Coop, pers.
obs.), similar to piñon ricegrass (Piptochaetium fimbriatum) farther
south in New Mexico and Arizona, which was also reduced in his-
torical tree removal treatments (Schott and Pieper, 1987). As has
been found following P-J tree removal treatments elsewhere in
the western U.S. (Fornwalt et al., 2016; Huffman et al., 2013;
Ross et al., 2012; Roundy et al., 2014), we found substantial
increases by a suite of native, perennial P-J understory species. In
our study area, the most common species to increase in treatments
were Scribner lettergrass, purple three-awn, bottlebrush squir-
reltail, needle-and-thread, and blue grama (Fig. 2). These species
generally occur in canopy interstices in untreated P-J woodlands
as well as grasslands and other non-forested vegetation types
(e.g., Anderson, 2003, and references therein). As such, it might
be expected that these increases will persist until tree canopy
cover rebounds. However, Schott and Pieper (1987) reported that
grass cover fell back to pre-treatment levels in ca. 25 years follow-
ing woodland removal treatments in New Mexico. Graminoid and
forb cover, total herbaceous fuel loads, and fuelbed depth also
increased strongly with increasing precipitation (Table 3) across
the climate gradient represented within our study area. While
shrub cover (primarily by mountain mahogany and Gambel’s
oak) showed little difference between treatments and controls,
strong decreases in the most recent treatments were followed by
increases as a function of time-since-treatment (Table 3), suggest-
ing increasingly important contributions to treatment community
structure and ecological function over further decades.

Major increases in the frequency, richness, and cover by non-
native plant species in treatments (Fig. 4) signify a potentially seri-
ous and undesirable side-effect of mastication treatments in P-J
woodlands. Numerous other studies have reported increases in
the abundance of non-native plant species, particularly cheatgrass,
in P-J thinning treatments (Huffman et al., 2013; Owen et al., 2009;
Redmond et al., 2014; Ross et al., 2012; Roundy et al., 2014;
Stephens et al., 2016; Young et al., 2013). Patterns of occurrence
and richness (Fig. 4a and b) also point toward large expansions into
mastication treatments, but additionally indicate a large regional
species pool across both treated and untreated landscapes. Cover
by non-native plant species in our samples (4.7% in treatments
vs. 0.3% in controls; Fig. 4c) is substantially greater than that
reported by most other published studies, which may likewise
reflect high regional abundance generally, but may also have been
inflated by the exceptionally wet spring preceding our sampling
(i.e., precipitation in Cañon City was 181% of normal during
2015). Decreased cover during dry years is expected; following
sampling during a dry year, Fornwalt et al. (2016) found similar
abundance of non-natives in treated and untreated P-J woodlands
including one site within our study area.

Predictive models of non-native plant species occurrence
(Table 2) suggest that increases are driven by canopy reduction,
changes to the soil surface, and other unsampled factors imparted
by treatments. Models for cheatgrass alone and all non-native spe-
cies together indicate strong negative associations with tree cano-
pies, indicating that increased light availability (or perhaps below-
ground resources such as moisture or nitrogen; Ross et al., 2012)
enhanced colonization and growth in treatments. The effects of
mastication debris piles in suppressing herbaceous plant growth
have been reported in other forest types (Wolk and Rocca, 2009),
and appear to similarly reduce cheatgrass colonization here. How-
ever, this effect was countered by enhanced occurrence of cheat-
grass immediately adjacent (within 1 m) to piles (Table 2).
Physical limitations to plant establishment or growth on deep
mulch piles likely resulted in greater availability of nutrients and
water to plants on their margins. Cheatgrass in particular appeared
to benefit from this configuration, likely due to its ability to rapidly
colonize and expand in these microenvironments. Models predict-
ing the occurrence of non-native species collectively also indicated
both a reduction on mulch piles and an increase imparted by bare
soil, which was much greater in treated areas (Fig. 3f). Finally,
other unsampled factors associated with treatments positively pre-
dicted the occurrence of annual non-native forbs (e.g., prickly Rus-
sian thistle and tall tumblemustard), which may be due to soil
disturbances and/or inadvertent introduction or movement of
seeds across the landscape as the treatments took place.

Disproportionately large increases in the abundances of non-
native plant species in treatments relative to increases in occur-
rence and richness (at least one non-native species occurred in at
least half of all control plots; Fig. 4a) suggest two different expla-
nations: (1) expansion of propagule sources in treatments may
have promoted colonization of nearby untreated stands, and/or
(2) presence of these species across the pre-treatment landscape
at low levels led to rapid expansions following suitable
disturbances in treatments. Further research may be useful to dis-
entangle these different explanations, as they lead to different
management implications. If treatments are also likely to increase
the presence of non-native species in adjacent untreated stands,
further precaution is warranted on the part of managers in pre-
scribing treatments, particularly in relatively pristine areas lacking
these species. Best management practices to prevent introduction,
including washing machinery to remove seeds prior to site entry,
will continue to be valuable, but post-treatment control measures
might also be considered. The second explanation suggests
increased caution is needed in areas already containing a rich
non-native species pool, where treatments may trigger population
expansions. Preventing introduction by cleaning machinery may
not be useful if seed sources on site are subsequently dispersed
throughout treatments units. Here, managers might consider
proactive, pre-treatment weed control measures. Other authors
have recommended seeding treatments with native species
(Redmond et al., 2014; Young et al., 2013). Increased competition
with natives, particularly at early stages of invasion, may be
helpful, but the potential for contaminated seed mixes also poses
risks. Further research on the effectiveness of seeding with native
species to control non-natives in mastication treatments may be
useful.
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Taken together, changes in vegetation structure, composition,
and fuel loads imparted by mastication treatments are expected
to have major and sustained influences on key ecological processes
including habitat use by a range of species and fire in P-J wood-
lands. Treatments are certainly highly effective in generating a
mosaic of different habitat types within otherwise continuous
woodlands. Likewise, treatments yielded substantial increases in
the cover and biomass of grasses and forbs at our study sites, par-
ticularly at the warmer and more mesic end of the climate gradi-
ent. Benefits to a wide range of wildlife species are expected,
though surprisingly few studies have actually demonstrated posi-
tive effects on big game species (Bombaci and Pejchar, 2016, and
references therein). Within the range of Greater Sage-grouse, mas-
tication of piñon and juniper may be highly effective at increasing
the quality and use of sagebrush habitats (Baruch-Mordo et al.,
2013). However, reduced use of masticated habitats by woodland
dependent species, particularly obligate avifauana, are also
expected (Bombaci and Pejchar, 2016). The duration of these
effects will be extended. In northwestern Colorado, effects of his-
torical P-J woodland removal treatments (chaining) on mammals
(including reduced use by bobcats, mountain lions, and black
bears) and bird communities (including reductions in P-J woodland
obligate species) were still present ca. four decades post-treatment
(Gallo et al., 2016; Gallo and Pejchar, 2017).

Our findings point toward potential shifts in fire behavior asso-
ciated with mastication treatments in P-J woodlands. First, active
crown fire risk in treatments is expected to be essentially zero.
Not surprisingly we found that treatments effectively produced
substantial and persistent reductions in canopy fuels (Fig. 6,
Table 3). Active crown fire is rare in untreated P-J woodlands
except under extreme burning conditions (Romme et al., 2009
and references therein), due to generally low canopy fuel loads
(i.e., canopy bulk density averaged 0.214 kg m�3 across all our
untreated control sites). The major reductions in canopy fuels in
mastication treatments across our study region (canopy bulk den-
sity averaged 0.047 kg m�3 in treatments) should certainly be suf-
ficient to prevent active crown fire. However, treatments also led
to major changes in surface fuel abundances and characteristics.
We found pronounced increases in dead and down woody fuels
(mastication debris; Figs. 3e and 5), though these showed gradual
declines with time-since-treatment. Standard methods (e.g.,
Brown, 1974) for estimating dead and down woody surface fuels
are known to underestimate their abundance in masticated fuel-
beds, where deep and compact mulch piles may contain consider-
ably more fuel than surface-based estimates would indicate, and
we found considerable differences between our estimates of dead
and down woody fuels derived from Brown’s (1974) equations ver-
sus those provided by Battaglia et al. (2010). However, spreading
surface fires, as modeled via Rothermel’s (1972) algorithms, are
unlikely to consume deep mulch piles, which are prone to pro-
longed smoldering (Knapp et al., 2012), and as such, standard
(and superficial) estimates of only the top layer of these fuels
may lead to more accurate predictions of fire behavior.

Even stronger differences between treatments and controls
existed for herbaceous fuels and fuelbed depth (Fig. 5), which both
increased as a function of time since treatment (Table 3). Three of
the non-native herbaceous species that increased in treatments,
cheatgrass and the two tumbleweeds (prickly Russian thistle and
tall tumblemustard) are expected to produce changes in fire
behavior and post-fire recovery trajectories (Zouhar et al., 2008).
In some systems, cheatgrass establishment and expansion alters
fire cycles by changing fuel conditions and creating positive feed-
backs that promote further expansion (Brooks et al., 2004;
D’Antonio and Vitousek, 1992). Recent increases in burning in
the P-J systems in some settings has been attributed to cheatgrass
expansion (Arendt and Baker, 2013; Miller and Tausch, 2001).
Tumbleweeds are also well-known for their high flammability
and capacity to promote fire spread due to morphology and resis-
tance to decomposition (see Howard, 1992, and references therein)
and their tendency to accumulate in particular locations (for exam-
ple, at the bases of trees, where they may facilitate the transition
from surface to crown fire). While shrubs did not differ signifi-
cantly between treatments and controls, increases over time in
treatments (Table 3) suggest that they will gain importance as fuel
components as treatments age.

Collectively, increases in surface fuels are expected to lead to
increased potential for surface fires via increased fuel continuity,
increased surface fireline intensity, flame length, and rate of spread
(e.g., Rothermel, 1972), particularly where P-J mastication treat-
ments are conducted in topographic and climatic settings that pro-
mote abundant grass growth, especially of annual grasses such as
cheatgrass. Such changes are expected to be further amplified by
the absence of woodland canopy cover, leading to warmer and
drier surface conditions and increased surface wind speeds. As
such, while treatments are expected to exclude active crown fire,
managers may need to be prepared for more intense and quicker
surface fire moving through ‘‘flashy” fuels. Our findings also sug-
gest that treatments may not consistently lead to more fire-
resistant stands of residual trees. Knapp et al. (2012) examined
mastication effects on prescribed fire behavior in a ponderosa pine
forest, and found that crown scorch still imposed high mortality
among residual trees in mastication treatments, particularly under
extreme fire weather conditions. This is likely to be even more true
in P-J woodlands, where crown base heights are low (0.35 m in
sampled treated sites), and fires generally only burn under extreme
conditions. Consequently, only moderate increases in surface fire-
line intensity may to lead to mortality from crown scorch and/or
passive crown fire (torching) of residual trees within treated
stands.

Mitigation of increased surface fireline intensity and associated
tree mortality might include follow-up modifications to mastica-
tion treatments such as surface fuel reductions [e.g., through pre-
scribed burning, as suggested by Knapp et al. (2012) and Young
et al. (2013)]. However, some evidence suggests that burning, par-
ticularly when applied as a second, compound disturbance to thin-
ning treatments, may further promote expansion of non-native
species such as cheatgrass (Huffman et al., 2009, 2013; Ross
et al., 2012), so some caution may be warranted. Follow-up limbing
or pruning of lower tree limbs to elevate crown base height may be
useful to reduce crown fire initiation and passive crown fire, fol-
lowing the principles of Agee and Skinner (2005).
5. Conclusions and management implications

Mastication represents an effective tool for reducing tree den-
sity in P-J woodlands, and drives major and sustained shifts in sur-
face and canopy fuels and vegetation. However, each of these
changes may carry social and ecological trade-offs (Lehmkuhl
et al., 2007). Mastication in P-J woodlands is a no-analog distur-
bance, and despite a growing body of literature (Battaglia et al.,
2010; Fornwalt et al., 2016; Huffman et al., 2009, 2013; Owen
et al., 2009; Roundy et al., 2014; Young et al., 2013) there remain
considerable uncertainties with regards to ecological impacts.
Here, we identify a potential undesirable consequence of
mastication in P-J woodlands in the form of major expansions of
non-native plant species. Changes to fuels imparted by treatments
also point toward potentially unwanted fire behavior associated
with more abundant and likely drier surface fuels. We recommend
that managers and researchers fully explore strategies that might
mitigate these effects. In addition to pre- and post-treatment
weed control measures, piles of mastication debris could be
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redistributed across treatment units to reduce bare soil cover and
eliminate microenvironments conducive to cheatgrass coloniza-
tion adjacent to mulch piles. Reductions of woody surface fuels
might also be achieved through post-treatment, prescribed burn-
ing, though this may promote additional expansion by non-
native species, and additional monitoring and research are needed.
If mastication treatments are found to lead to increases in surface
fireline intensity and torching, follow-up pruning of low tree
branches could increase crown base height and fire-resistance of
residual trees, though this may not always be achievable due to
woodland tree morphology (e.g., junipers with multiple stems
and many low branches).

We also encourage managers to critically consider whether or
not treatments may even be necessary in any given setting. Nation-
ally, a high proportion of fuels reductions treatments take place in
locations distant from the Wildland Urban Interface (WUI) and in
forest types that require no ecological restoration (Schoennagel
and Nelson, 2011). A management culture focused on cost-
effectiveness and treatment quantity (annual objectives measured
in acres treated) may conflict with more judicious, but higher qual-
ity interventions (e.g., Lehmkuhl et al., 2007). Finally, while masti-
cation is a modern approach to forest treatments, it also represents
the continuation a many-decades-old management paradigm
focused on reducing P-J woodlands for a host of social, economic,
and ecological reasons. Projected impacts of climate change pre-
sent questions to this management paradigm. Recent hot drought
linked with episodic bark beetle (Ips sp.) outbreaks have driven
recent, region-wide die-offs in P-J woodlands (Breshears et al.,
2005), and ongoing climate change is projected to drive unprece-
dented additional tree mortality over the next century
(McDowell et al., 2016). While Floyd et al. (2009) found no rela-
tionships between P-J stand density or basal area and mortality
Scientific name Common name Family Cod

Achillea millefolium Common yarrow Asteraceae ACM
Achnatherum

hymenoides
Indian ricegrass Poaceae ACH

Achnatherum robustum Sleepygrass Poaceae ACR

Achnatherum scribneri Scribner needlegrass Poaceae ACS

Agoseris glauca Pale agoseris Asteraceae AG
Agropyron cristatum Crested wheatgrass Poaceae AG

Allium cernuum Nodding onion Liliaceae ALC
Androsace

septentrionalis
Pygmyflower
rockjasmine

Primulaceae AN

Antennaria parvifolia Small-leaf pussytoes Asteraceae AN
Arabis fendleri Fendler’s rockcress Brassicaceae ARF

Arctium minus Lesser burdock Asteraceae ARM
Argemone hispida Rough pricklypoppy Papaveraceae ARH
Argentina anserina Silverweed cinquefoil Rosaceae ARA
Argyrochosma fendleri Fendler’s false cloak

fern
Pteridaceae ARF

Aristida purpurea Purple threeawn Poaceae ARP

Arnica cordifolia Heartleaf arnica Asteraceae ARC
Artemisia campestris Field sagewort Asteraceae ARC
following extreme drought in the southwestern US in the early
2000s, the conditions under which thinning treatments might
increase the resistance of residual trees to future drought should
certainly be the subject of future research. However, it appears
unlikely that treatments will promote resistance to coupled,
large-scale insect outbreaks. As such, anticipated landscape-scale
woodland sparsification and regional contraction of P-J woodlands
call into question whether limited management resources are best
invested in tree removal projects in these systems.
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Appendix A

Checklist of plant species encountered in sample sites in the
Arkansas River valley, central Colorado. Scientific names, common
names, plant species codes, and lifeforms are provided following
USDA plants (http://plants.usda.gov/). Frequency (occurrence in
sample plots) and percent cover are shown for control and masti-
cation treatments. t = trace: species that occurred in plots but not
on point-line-intercept transects.
e Lifeform Frequency (%) Cover (%)

Control Mastication Control Mastication

I2 Forb (Native) 3.1 4.2 t t
Y Graminoid

(Native)
20.8 14.6 0.10 0.26

O7 Graminoid
(Native)

2.1 0.0 0.04 0.00

C11 Graminoid
(Native)

43.8 24.0 1.04 0.86

GL Forb (Native) 0.0 2.1 0.00 0.02
CR Graminoid

(Introduced)
0.0 5.2 t t

E2 Forb (Native) 21.9 15.6 0.03 0.06
SE4 Forb (Native) 20.8 15.6 0.14 0.10

PA4 Forb (Native) 22.9 16.7 0.01 0.04
E Shrub/Subshrub

(Native)
71.9 45.8 0.14 0.06

I2 Forb (Introduced) 0.0 1.0 0.29 0.09
I4 Forb (Native) 1.0 0.0 t t
N7 Forb (Native) 1.0 2.1 t t
E5 Forb (Native) 1.0 0.0 t t

U9 Graminoid
(Native)

39.6 56.3 0.58 1.58

O9 Forb (Native) 0.0 2.1 t t
A12 Forb (Native) 5.2 8.3 0.03 0.06

http://plants.usda.gov/
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Scientific name Common name Family Code Lifeform Frequency (%) Cover (%)

Control Mastication Control Mastication

Artemisia frigida Prairie sagewort Asteraceae ARFR4 Shrub/Subshrub
(Native)

62.5 59.4 0.43 1.39

Artemisia ludoviciana White sagebrush Asteraceae ARLU Shrub/Subshrub
(Native)

29.2 17.7 0.00 0.01

Asclepias asperula Spider milkweed Asclepiadaceae ASAS Forb (Native) 7.3 9.4 0.00 0.01
Astragalus drummondii Drummond’s

milkvetch
Fabaceae ASDR3 Forb (Native) 8.3 8.3 0.06 0.11

Astragalus gracilis Slender milkvetch Fabaceae ASGR3 Forb (Native) 14.6 13.5 0.01 0.12
Astragalus missouriensis Missouri milkvetch Fabaceae ASMI10 Shrub/Subshrub

(Native)
12.5 12.5 0.00 0.04

Astragalus sp. Milkvetch Fabaceae ASTRA2 Forb (Native) 4.2 5.2 0.00 0.01
Astragalus sp. Milkvetch Fabaceae ASTRA3 Forb (Native) 1.0 4.2 0.00 0.07
Astragalus sp. Milkvetch Fabaceae ASTRA4 Forb (Native) 4.2 5.2 0.00 0.19
Astragalus sp. Milkvetch Fabaceae ASTRA5 Forb (Native) 4.2 6.3 0.23 0.05
Bahia dissecta Ragleaf bahia Asteraceae BADI Forb (Native) 9.4 9.4 0.02 0.04
Bouteloua curtipendula Sideoats grama Poaceae BOCU Graminoid

(Native)
20.8 15.6 0.32 0.18

Bouteloua gracilis Blue grama Poaceae BOGR2 Graminoid
(Native)

80.2 87.5 2.97 11.32

Brickellia californica California brickellbush Asteraceae BRCA3 Shrub/Subshrub
(Native)

5.2 5.2 0.00 0.19

Bromus inermis Smooth brome Poaceae BRIN2 Graminoid
(Introduced)

3.1 4.2 0.00 0.01

Bromus tectorum Cheatgrass Poaceae BRTE Graminoid
(Introduced)

22.9 28.1 0.27 3.01

Calochortus gunnisonii Gunnison’s mariposa
lily

Liliaceae CAGU Forb (Native) 1.0 0.0 t t

Camelina microcarpa Littlepod false flax Brassicaceae CAMI2 Forb (Introduced) 5.2 1.0 0.01 0.01
Campanula rotundifolia Bluebell bellflower Campanulaceae CARO2 Forb (Native) 2.1 2.1 0.01 0.00
Carduus nutans Nodding plumeless

thistle
Asteraceae CANU4 Forb (Introduced) 0.0 1.0 t t

Carex inops Sun sedge Cyperaceae CAINH2 Graminoid
(Native)

12.5 22.9 0.37 0.94

Carex occidentalis Western sedge Cyperaceae CAOC2 Graminoid
(Native)

0.0 1.0 0.00 0.04

Carex pityophila Loving sedge Cyperaceae CAPI7 Graminoid
(Native)

45.8 26.0 0.79 0.74

Castilleja angustifolia Northwestern Indian
paintbrush

Scrophulariaceae CAAND Forb (Native) 5.2 11.5 0.00 0.10

Cercocarpus montanus Alderleaf mountain
mahogany

Rosaceae CEMO2 Tree (Native) 76.0 54.2 2.07 0.61

Chamaesyce
glyptosperma

Ribseed sandmat Euphorbiaceae CHGL13 Forb (Native) 19.8 24.0 0.04 0.10

Chamaesyce maculata Spotted sandmat Euphorbiaceae CHMA15 Forb (Native) 0.0 0.0 0.00 0.02
Chenopodium atrovirens Pinyon goosefoot Chenopodiaceae CHAT Forb (Native) 58.3 67.7 0.20 0.11
Cirsium arvense Canada thistle Asteraceae CIAR4 Forb (Introduced) 0.0 3.1 0.00 0.06
Cirsium undulatum Wavyleaf thistle Asteraceae CIUN Forb (Native) 0.0 8.3 0.00 0.02
Cirsium vulgare Bull thistle Asteraceae CIVU Forb (Introduced) 1.0 0.0 t t
Clematis columbiana Rock clematis Ranunculaceae CLCOC2 Vine (Native) 1.0 0.0 t t
Clematis hirsutissima Hairy clematis Ranunculaceae CLHI Shrub/Subshrub

(Native)
9.4 2.1 t t

Clematis ligusticifolia Western white
clematis

Ranunculaceae CLLI2 Vine (Native) 0.0 4.2 t t

Cleome serrulata Rocky Mountain
beeplant

Capparaceae CLSE Forb (Native) 0.0 0.0 t t

Collinsia parviflora Maiden blue eyed
Mary

Scrophulariaceae COPA3 Forb (Native) 0.0 3.1 0.00 0.01

Comandra umbellata
ssp. pallida

Pale bastard toadflax Santalaceae COUMP Shrub/Subshrub
(Native)

0.0 1.0 t t
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Scientific name Common name Family Code Lifeform Frequency (%) Cover (%)

Control Mastication Control Mastication

Convolvulus arvensis Field bindweed Convolvulaceae COAR4 Vine (Introduced) 0.0 4.2 0.00 0.01
Conyza canadensis Canadian horseweed Asteraceae COCA5 Forb (Native) 4.2 18.8 0.00 0.07
Corispermum

americanum
American bugseed Chenopodiaceae COAM8 Forb (Native) 0.0 0.0 t t

Corydalis aurea Scrambled eggs Fumariaceae COAU2 Forb (Native) 3.1 3.1 t t
Cryptantha thyrsiflora Calcareous cryptantha Boraginaceae CRTH Shrub/Subshrub

(Native)
19.8 27.1 0.37 0.00

Cylindropuntia
imbricata

Tree cholla Cactaceae CYIM2 Shrub/Subshrub
(Native)

26.0 15.6 0.16 0.04

Cymopterus acaulis Plains springparsley Apiaceae CYAC Forb (Native) 0.0 1.0 t t
Cymopterus montanus Mountain

springparsley
Apiaceae CYMO Forb (Native) 0.0 2.1 t t

Descurainia incana Mountain
tansymustard

Brassicaceae DEIN5 Forb (Native) 14.6 28.1 0.05 0.03

Descurainia pinnata Western tansymustard Brassicaceae DEPI Forb (Native) 0.0 1.0 t t
Echinocereus

triglochidiatus
Kingcup cactus Cactaceae ECTR Shrub/Subshrub

(Native)
27.1 17.7 0.01 0.00

Elymus elymoides Squirreltail Poaceae ELEL5 Graminoid
(Native)

55.2 80.2 0.20 2.43

Ericameria nauseosa Rubber rabbitbrush Asteraceae ERNAN5 Shrub/Subshrub
(Native)

15.6 27.1 0.07 0.50

Erigeron canus Hoary fleabane Asteraceae ERCA4 Forb (Native) 2.1 1.0 0.01 0.01
Erigeron divergens Spreading fleabane Asteraceae ERDI4 Forb (Native) 14.6 14.6 t t
Erigeron flagellaris Trailing fleabane Asteraceae ERFL Forb (Native) 12.5 18.8 0.05 0.73
Erigeron vetensis Early bluetop fleabane Asteraceae ERVE2 Forb (Native) 2.1 0.0 t t
Eriogonum alatum Winged buckwheat Polygonaceae ERAL4 Shrub/Subshrub

(Native)
19.8 22.9 0.01 0.03

Eriogonum cernuum Nodding buckwheat Polygonaceae ERCE2 Forb (Native) 2.1 0.0 0.01 0.00
Eriogonum jamesii James’ buckwheat Polygonaceae ERJA Shrub/Subshrub

(Native)
64.6 49.0 0.19 0.13

Eriogonum
lachnogynum

Woollycup buckwheat Polygonaceae ERLAL5 Forb (Native) 1.0 4.2 0.01 0.02

Erodium cicutarium Redstem stork’s bill Geraniaceae ERCI6 Forb (Introduced) 0.0 1.0 t t
Erysimum capitatum Sanddune wallflower Brassicaceae ERCA14 Forb (Native) 15.6 10.4 0.05 0.01
Euphorbia brachycera Horned spurge Euphorbiaceae EUBR Forb (Native) 3.1 6.3 0.00 0.01
Fabaceae Pea family Fabaceae FAB1 Forb (Native) 1.0 3.1 0.08 0.00
Unknown Unknown Unknown FORB1 Forb (Unknown) 0.0 2.1 0.00 0.04
Unknown Unknown Unknown FORB2 Forb (Unknown) 1.0 0.0 t t
Unknown Unknown Unknown FORB3 Forb (Unknown) 0.0 2.1 t t
Unknown Unknown Unknown FORB4 Forb (Unknown) 5.2 4.2 t t
Unknown Unknown Unknown FORB5 Forb (Unknown) 1.0 0.0 t t
Unknown Unknown Unknown FORB6 Forb (Unknown) 1.0 0.0 t t
Gaillardia pinnatifida Red dome

blanketflower
Asteraceae GAPI Shrub/Subshrub

(Native)
2.1 7.3 0.00 0.07

Gayophytum
ramosissimum

Pinyon groundsmoke Onagraceae GARA2 Forb (Native) 0.0 3.1 0.00 0.01

Geranium caespitosum Pineywoods geranium Geraniaceae GECA3 Shrub/Subshrub
(Native)

4.2 1.0 0.03 0.00

Glandularia
bipinnatifida

Dakota mock vervain Verbenaceae GLBI2 Forb (Native) 1.0 0.0 t t

Glycyrrhiza lepidota American licorice Fabaceae GLLE3 Forb (Native) 2.1 0.0 t t
Grindelia squarrosa Curlycup gumweed Asteraceae GRSQ Forb (Native) 19.8 13.5 0.05 0.01
Gutierrezia sarothrae Broom snakeweed Asteraceae GUSA2 Shrub/Subshrub

(Native)
69.8 64.6 0.22 0.97

Helianthus annuus Common sunflower Asteraceae HEAN3 Forb (Native) 0.0 0.0 t t
Helianthus pumilus Little sunflower Asteraceae HEPU3 Forb (Native) 13.5 25.0 0.00 0.07
Hesperostipa comata Needle and thread Poaceae HECO26 Graminoid

(Native)
20.8 38.5 0.08 2.66

Heterotheca villosa Hairy false goldenaster Asteraceae HEVI4 Shrub/Subshrub
(Native)

32.3 40.6 0.09 1.40
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Control Mastication Control Mastication

Heuchera parvifolia Littleleaf alumroot Saxifragaceae HEPA11 Forb (Native) 6.3 1.0 t t
Hymenopappus filifolius Fineleaf

hymenopappus
Asteraceae HYFI Shrub/Subshrub

(Native)
26.0 41.7 0.15 0.67

Hymenoxys richardsonii Pingue rubberweed Asteraceae HYRI Shrub/Subshrub
(Native)

41.7 46.9 0.17 0.47

Ipomopsis aggregata Scarlet gilia Polemoniaceae IPAG Forb (Native) 44.8 34.4 0.05 0.05
Juniperus monosperma Oneseed juniper Cupressaceae JUMO Tree (Native) 28.1 22.9 5.32 1.91
Juniperus scopulorum Rocky Mountain

juniper
Cupressaceae JUSC2 Tree (Native) 52.1 36.5 3.92 0.84

Koeleria macrantha Prairie Junegrass Poaceae KOMA Graminoid
(Native)

11.5 3.1 0.10 0.02

Lactuca serriola Prickly lettuce Asteraceae LASE Forb (Introduced) 15.6 32.3 0.01 0.36
Lappula occidentalis

var. cupulata
Flatspine stickseed Boraginaceae LAOCC Forb (Native) 10.4 27.1 0.01 0.04

Lepidium densiflorum Common pepperweed Brassicaceae LEDE Forb (Introduced) 6.3 11.5 0.01 0.00
Lesquerella montana Mountain bladderpod Brassicaceae LEMO3 Forb (Native) 58.3 59.4 0.47 0.62
Leucocrinum montanum Common starlily Liliaceae LEMO4 Forb (Native) 0.0 1.0 t t
Liatris punctata Dotted blazing star Asteraceae LIPU Forb (Native) 3.1 9.4 0.00 0.09
Linum australe Southern flax Linaceae LIAU4 Forb (Native) 5.2 3.1 0.00 0.01
Linum lewisii Lewis flax Linaceae LILE3 Shrub/Subshrub

(Native)
1.0 4.2 0.00 0.15

Lithospermum incisum Narrowleaf stoneseed Boraginaceae LIIN2 Forb (Native) 6.3 7.3 t t
Lupinus argenteus Silvery lupine Fabaceae LUAR3 Shrub/Subshrub

(Native)
0.0 0.0 0.02 0.00

Lupinus pusillus Rusty lupine Fabaceae LUPU Forb (Native) 0.0 4.2 t t
Machaeranthera

pinnatifida
Lacy tansyaster Asteraceae MAPI Shrub/Subshrub

(Native)
16.7 17.7 0.04 0.05

Machaeranthera
tanacetifolia

Tanseyleaf tansyaster Asteraceae MATA2 Forb (Native) 1.0 0.0 t t

Medicago lupulina Black medick Fabaceae MELU Forb (Introduced) 1.0 0.0 t t
Medicago sativa Alfalfa Fabaceae MESA Forb (Introduced) 0.0 1.0 t t
Melampodium

leucanthum
Plains blackfoot Asteraceae MELE2 Shrub/Subshrub

(Native)
4.2 5.2 0.01 0.04

Melilotus officinalis Sweetclover Fabaceae MEOF Forb (Introduced) 3.1 11.5 0.00 0.19
Mentha arvensis Wild mint Lamiaceae MEAR4 Forb (Native) 3.1 0.0 0.00 0.01
Mentzelia albicaulis Whitestem blazingstar Loasaceae MEAL6 Forb (Native) 3.1 7.3 0.00 0.02
Mertensia lanceolata Prairie bluebells Boraginaceae MELA3 Forb (Native) 6.3 7.3 0.04 0.04
Mirabilis multiflora Colorado four o’clock Nyctaginaceae MIMU Forb (Native) 3.1 9.4 0.01 0.02
Muhlenbergia montana Mountain muhly Poaceae MUMO Graminoid

(Native)
8.3 6.3 0.37 0.87

Nassella viridula Green needlegrass Poaceae NAVI4 Graminoid
(Native)

0.0 6.3 0.01 0.33

Oenothera coronopifolia Crownleaf evening
primrose

Onagraceae OECO2 Forb (Native) 2.1 9.4 t t

Oenothera suffrutescens Scarlet beeblossom Oenothera OESU3 Forb (Native) 0.0 2.1 t t
Opuntia phaeacantha Tulip pricklypear Cactaceae OPPH Shrub/Subshrub

(Native)
24.0 20.8 0.14 0.07

Opuntia polyacantha Plains pricklypear Cactaceae OPPO Shrub/Subshrub
(Native)

82.3 69.8 0.28 0.45

Orobanche fasciculata Clustered broomrape Orobanchaceae ORFA Forb (Native) 3.1 2.1 t t
Oxalis dillenii Slender yellow

woodsorrel
Oxalidaceae OXDI2 Forb (Native) 4.2 1.0 0.01 0.00

Oxytropis lambertii Purple locoweed Fabaceae OXLA3 Forb (Native) 4.2 4.2 0.00 0.02
Packera neomexicana New Mexico groundsel Asteraceae PANE7 Forb (Native) 6.3 4.2 0.00 0.02
Packera tridenticulata Threetooth ragwort Asteraceae PATR7 Forb (Native) 2.1 6.3 t t
Pascopyrum smithii Western wheatgrass Poaceae PASM Graminoid

(Native)
8.3 17.7 0.10 0.60

Pediocactus simpsonii Mountain ball cactus Cactaceae PESI Shrub/Subshrub
(Native)

27.1 25.0 0.00 0.04

Penstemon barbatus Beardlip penstemon Scrophulariaceae PEBA2 Forb (Native) 13.5 13.5 0.00 0.03
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Penstemon
secundiflorus

Sidebells penstemon Scrophulariaceae PESE11 Forb (Native) 37.5 25.0 0.21 0.02

Penstemon virens Front Range
beardtongue

Scrophulariaceae PEVI3 Shrub/Subshrub
(Native)

5.2 5.2 0.00 0.01

Phemeranthus
parviflorus

Sunbright Portulacaceae PHPA29 Forb (Native) 3.1 4.2 t t

Philadelphus
microphyllus

Littleleaf mock orange Hydrangeaceae PHMI4 Shrub/Subshrub
(Native)

9.4 1.0 0.23 0.05

Physalis longifolia Longleaf groundcherry Solanaceae PHLO4 Forb (Native) 5.2 11.5 0.00 0.03
Physocarpus monogynus Mountain ninebark Rosaceae PHMO4 Shrub/Subshrub

(Native)
1.0 0.0 t t

Pinus edulis Twoneedle pinyon Pinaceae PIED Tree (Native) 95.8 78.1 28.33 6.74
Pinus ponderosa Ponderosa pine Pinaceae PIPO Tree (Native) 4.2 7.3 0.78 0.01
Piptatheropsis

micrantha
Littleseed ricegrass Poaceae PIMI Graminoid

(Native)
72.9 34.4 1.50 0.63

Plantago patagonica Woolly plantain Plantaginaceae PLPA2 Forb (Native) 0.0 10.4 0.00 0.22
Poa fendleriana Muttongrass Poaceae POFE Graminoid

(Native)
41.7 18.8 0.50 0.55

Poa pratensis Kentucky bluegrass Poaceae POPR Graminoid
(Introduced)

1.0 1.0 0.00 0.03

Unknown Unknown Poaceae POA1 Graminoid
(Unknown)

1.0 0.0 0.01 0.00

Unknown Unknown Poaceae POA2 Graminoid
(Unknown)

1.0 1.0 0.02 0.08

Unknown Unknown Poaceae POA3 Graminoid
(Unknown)

0.0 1.0 t t

Unknown Unknown Poaceae POA4 Graminoid
(Unknown)

0.0 1.0 t t

Unknown Unknown Poaceae POA5 Graminoid
(Unknown)

5.2 1.0 0.04 0.03

Unknown Unknown Poaceae POA6 Graminoid
(Unknown)

0.0 2.1 t t

Unknown Unknown Poaceae POA7 Graminoid
(Unknown)

3.1 5.2 0.06 0.04

Potentilla hippiana Woolly cinquefoil Rosaceae POHI6 Forb (Native) 3.1 10.4 0.02 0.09
Potentilla pensylvanica Pennsylvania

cinquefoil
Rosaceae POPE8 Forb (Native) 1.0 1.0 0.00 0.02

Pseudotsuga menziesii Douglas-fir Pinaceae PSME Tree (Native) 2.1 0.0 0.18 0.00
Pulsatilla patens Cutleaf anemone Ranunculaceae PUPAM Forb (Native) 1.0 3.1 0.02 0.00
Quercus gambelii Gambel oak Fagaceae QUGA Tree (Native) 49.0 29.2 3.53 2.60
Rhus trilobata Skunkbush sumac Anacardiaceae RHTR Shrub/Subshrub

(Native)
18.8 7.3 0.15 0.23

Ribes cereum Wax currant Grossulariaceae RICE Shrub/Subshrub
(Native)

44.8 42.7 0.39 0.68

Ribes inerme Whitestem gooseberry Grossulariaceae RIIN2 Shrub/Subshrub
(Native)

17.7 12.5 0.21 0.15

Ribes montigenum Gooseberry currant Grossulariaceae RIMO2 Shrub/Subshrub
(Native)

2.1 0.0 0.00 0.02

Rosa woodsii Woods’ rose Rosaceae ROWO Shrub/Subshrub
(Native)

1.0 1.0 0.00 0.01

Rubus deliciosus Delicious raspberry Rosaceae RUDE Vine (Native) 2.1 2.1 t t
Salsola tragus Prickly Russian thistle Chenopodiaceae SATR12 Forb (Introduced) 3.1 33.3 0.00 0.34
Schizachyrium

scoparium
Little bluestem Poaceae SCSC Graminoid

(Native)
4.2 5.2 0.11 0.93

Sedum lanceolatum Spearleaf stonecrop Crassulaceae SELA Forb (Native) 1.0 1.0 t t
Senecio sp. Ragwort Asteraceae SENECIO Forb (Native) 7.3 22.9 0.01 0.06
Sisymbrium altissimum Tall tumblemustard Brassicaceae SIAL2 Forb (Introduced) 2.1 17.7 0.00 0.45
Solidago missouriensis Missouri goldenrod Asteraceae SOMI2 Forb (Native) 4.2 2.1 t t
Sphaeralcea coccinea Scarlet globemallow Malvaceae SPCO Shrub/Subshrub

(Native)
17.7 28.1 0.01 0.28
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Sporobolus cryptandrus Sand dropseed Poaceae SPCR Graminoid
(Native)

25.0 35.4 0.00 0.11

Stephanomeria
pauciflora

Brownplume
wirelettuce

Asteraceae STPA4 Shrub/Subshrub
(Native)

1.0 5.2 0.00 0.02

Symphoricarpos
rotundifolius

Roundleaf snowberry Caprifoliaceae SYRO Shrub/Subshrub
(Native)

40.6 29.2 0.57 0.67

Taraxacum officinale Common dandelion Asteraceae TAOF Forb (Introduced) 13.5 28.1 0.00 0.07
Tetraneuris acaulis Stemless four-nerve

daisy
Asteraceae TEACA2 Forb (Native) 22.9 9.4 0.10 0.03

Thelesperma filifolium Stiff greenthread Asteraceae THFI Forb (Native) 0.0 1.0 t t
Thermopsis divaricarpa Spreadfruit

goldenbanner
Fabaceae THDI4 Forb (Native) 0.0 3.1 0.00 0.05

Townsendia exscapa Stemless Townsend
daisy

Asteraceae TOEX2 Forb (Native) 4.2 4.2 0.00 0.09

Tradescantia
occidentalis

Prairie spiderwort Commelinaceae TROC Forb (Native) 0.0 2.1 t t

Tragopogon dubius Yellow salsify Asteraceae TRDU Forb (Introduced) 6.3 39.6 0.00 0.03
Tribulus terrestris Puncturevine Zygophyllaceae TRTE Forb (Introduced) 0.0 0.0 t t
Trifolium repens White clover Fabaceae TRRE3 Forb (Introduced) 0.0 1.0 t t
Verbascum thapsus Common mullein Scrophulariaceae VETH Forb (Introduced) 21.9 44.8 0.02 0.23
Vicia villosa Winter vetch Fabaceae VIVI Vine (Introduced) 0.0 1.0 t t
Vulpia octoflora Sixweeks fescue Poaceae VUOC Graminoid

(Native)
0.0 3.1 0.00 0.20

Woodsia oregana Oregon cliff fern Dryopteridaceae WOOR Forb (Native) 26.0 4.2 0.04 0.00
Yucca glauca Soapweed yucca Agavaceae YUGL Shrub/Subshrub

(Native)
37.5 33.3 0.25 0.13

Appendix B

Linear model intercepts, coefficients, and significance for treatment and other topographic and climate covariates potentially influence
fuels and vegetation parameters within mastication treatments. Best fitting models (lowest AIC and D > 2) are shown. Empty cells indicate
the term was not included in the best fitting model, _P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001.

Variable Intercept Treatment Slope (�) Elevation (m) MAP (mm) MAT (�C) r2 df

Litter + duff (Mg ha�1) 7.10⁄⁄⁄ �2.12⁄ 0.06 46
1 + 10 h fuels (Mg ha�1) 17.78⁄⁄⁄ 1.62⁄ �0.007⁄⁄ 0.24 45
100 + 1000 h fuels (Mg ha�1) 15.28⁄⁄ �0.005⁄ 0.07 46
Herbaceous fuels (Mg ha�1) �0.776⁄⁄ 0.300⁄⁄⁄ 0.002⁄⁄⁄ 0.41 45
Live woody surface fuels (Mg ha�1) �21.72⁄⁄ 0.006⁄⁄ 0.004⁄⁄ 0.80⁄ 0.16 44
Fuelbed depth (m) �1.277 0.028⁄ 0.003_ 0.0003⁄ 0.0004⁄⁄⁄ 0.048⁄ 0.34 42
Tree cover (%) 36.15⁄⁄⁄ �30.90⁄⁄ 0.18 46
CBD (kg m�3) 0.214⁄⁄⁄ �0.167⁄⁄⁄ 0.59 46
CBH (m) 0.56⁄⁄⁄ �0.20⁄⁄ 0.14 40
P. edulis basal area (m2 ha�1) 20.3⁄⁄⁄ �8.0⁄⁄⁄ �0.03⁄⁄ 0.61 45
P. edulis density (ha�1) 552.1⁄⁄⁄ �467.7⁄⁄⁄ 0.64 46
Juniperus basal area (m2 ha�1) 253.6⁄⁄ �5.3⁄ �0.08⁄⁄ �8.92⁄ 0.28 44
Juniperus density (ha�1) 5464.1⁄⁄⁄ �92.0⁄⁄ �1.7⁄⁄⁄ �193.9⁄⁄ 0.46 44
Tree seedlings density (ha�1) 20,340⁄ �531⁄ �6⁄ �777⁄ 0.18 44
Non-native plant cover (%) 0.30_ 4.39⁄ 0.11 46
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