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Woody plant expansion and infilling into nonwooded rangeland ecosystems have been observed worldwide.
Such expansion may lead to declines in herbaceous understory plant communities and increased fuel loads in
rangelands. Under the US National Fire Plan, fuel-reduction treatments have been implemented over vast ex-
panses of western forest types to reduce the risk of catastrophic wildfire and restore historical ecosystem struc-
ture, function, and diversity. The benefits of fuel-reductionmay, however, also carry inherent ecological risk such
as promoting non-native species colonization. Here,we compare understory plant community responses to three
commonly used fuel-reduction treatments with seeding applications in an upland piñon (Pinus edulis Engelm.)–
juniper (Juniperus osteosperma [Torr.] Little) woodland on the Colorado Plateau: 1) mechanical mastication,
2) lop and slash piled then burned (pile burn), and 3) lop and scatter followed by a broadcast burn (broadcast
burn). Data were collected pretreatment (2009) and one (2010), two (2011), and six (2015) growing seasons
post treatment.We foundwhile understory perennial herbaceous plant cover remained low1 and 2 yr post treat-
ment, it increased by N 700% in all fuel-reduction treatment plots six growing seasons post treatment. Further-
more, while we observed minor increases in invasive annual grass, Bromus tectorum L. (cheatgrass),
colonization in 2010 and 2011, there were substantial increases in B. tectorum cover by 2015. B. tectorum cover
varied among treatments with the greatest cover in the unseeded mastication plot at nearly 30%. Seeding appli-
cations did not increase overall seed mix species cover but enhanced seed mix species richness and, thus, may
have increased resistance to B. tectorum invasion in seeded treatment plots. Our findings offer valuable insights
to the ecological consequences of fuel-reduction activities in piñon-juniper woodlands through comparison of
common fuel-reduction treatments and seeding applications and highlight differences in understory plant com-
munity responses to treatments across short to longer time scales.

© 2017 The Society for Range Management. Published by Elsevier Inc. All rights reserved.
Introduction

Woody plant expansion and infilling into previously nonwooded
rangeland ecosystems has been observed worldwide (Archer et al.,
1995, 2001; Van Auken, 2000; Eldridge et al., 2011; Liu et al., 2013).
Community shifts from historic grassland, steppe, or savannah into
shrubland or woodland impact rangeland ecosystem structure, diversi-
ty, and function (Archer et al., 1995; Van Auken, 2000; Knapp et al.,
2008; Barger et al., 2011). These changes can be associatedwithdeclines
in ecosystemherbaceous understory cover and abovegroundnet prima-
ry productivity (Knapp et al., 2008; Barger et al., 2011) resulting in de-
creased forage production and quality for livestock and wildlife (Clary
riculture National Research Ini-
) and a National Science Foun-
3).
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and Jameson, 1981; Bates et al., 2005), and increased overstory fuel
loads leading to heightened risk of catastrophic wildfire (Young et al.,
2015). Thus, fire mitigation strategies and restoration have become
foci for rangeland land managers in these ecosystems. In the western
United States, fuel management strategies have been implemented
under the National Fire Plan to reduce the risk of catastrophic wildfire
while restoring these ecosystems to resemble their historical structure,
function, and diversity (NFP, 2000). In the context of these goals, in-
creasing understanding of the long-term effects of fuel-reduction treat-
ments on understory plant communities remains a priority of scientists
and land managers.

Piñon-juniper woodlands cover ca. 136 million ha of the western
United States and have undergone significant recent expansion and in-
creases in stand density. Thus, piñon-juniper woodlands have been
among themostwidely targeted ecosystems for fuel-reduction and res-
toration over the last century (Springfield, 1976). Although it is clear
that fuel-reduction treatments generally increase resource availability
(i.e., water, light, and nutrients) to understory plant communities
(Haskins and Gehring, 2004; Owen et al., 2009; Young et al., 2013,
erved.
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2014; Roundy et al., 2014a), responses in understory plant cover and
species composition may vary considerably by site location and man-
agement strategy employed. Treatments that involve prescribed fire,
for instance, may promote understory plant growth by temporarily in-
creasing soil nutrient availability (Owen et al., 2009) yet lead to de-
creased soil fertility over time (Neary et al., 1999). Mulch left behind
in mechanical mastication of piñon and juniper trees has been shown
to increase understory plant cover by increasing soil stability, moisture,
and nutrients (Jacobs and Gatewood, 1999; Owen et al., 2009; Morgan
et al., 2014; Young et al., 2013) but alternativelymay inhibit plant recol-
onization by limiting light availability and creating a physical barrier fol-
lowing fuel-reduction treatments (Morgan et al., 2014). Additional
factors such as seed bank viability, invasive species presence, species in-
teractions, climatic conditions, and livestock grazing can all contribute
to the plant community response to treatment (Barney and
Frischknecht, 1974; Allen et al., 2008; Faist et al., 2015).

Disturbance associated with fuel-reduction activities has regularly
been shown to promote varying degrees of invasive plant establishment
(Haskins and Gehring, 2004; Owen et al., 2009; Ross et al., 2012; Bybee
et al., 2016). Although it is not always clear why treatment-associated
disturbance creates a pathway for invasion, increased resources are
thought to increase plant community invasibility (Vasquez et al.,
2008). Increased availability of inorganic nitrogen (N) associated with
prescribed burn, for instance, may enable greater competitiveness of in-
vasive annual grasses over native perennial grasses following fuel-
reduction treatments. Low understory cover before treatments
(Goodrich and Rooks, 1999; Jacobs and Gatewood, 1999; Brockway
et al., 2002), in addition to unavoidable removal of standing understory
vegetation duringmanagement treatments (Osem et al., 2006), may re-
sult in a diminished soil seed bank and subsequently decrease the suc-
cess of post-treatment understory plant establishment. Coupled with
the disturbance associated with the removal of overstory plant species,
this may further promote the proliferation of invasive non-native plant
species (Davenport et al., 1998; Allen et al., 2008; Faist et al., 2015). In
piñon-juniper woodlands that have undergone fuel-reduction treat-
ments, an increase in the Eurasian invasive annual grass Bromus
tectorum L. (B. tectorum) can be particularly problematic, as it estab-
lishes early in a growing season (Knapp, 1996) and can dominate
post-treatment plant communities through successful competition fol-
lowing mastication (Bybee et al., 2016) and prescribed fire (Melgoza
et al., 1990; Blank et al., 2007; Pyke et al., 2016). Native species
recruiting post-treatment, especially perennial grasses, may experience
difficulty competing against B. tectorum from the seed stage (Francis
and Pyke, 1996; Blank et al., 2015), especially when native seed avail-
ability is low.

In an effort to reduce seed availability constraints to understory
plant community restoration, seedmixesmay be applied in conjunction
with fuel-reduction treatments. These seeding applications are costly in
terms of time and financial resources (Redmond et al., 2014) and may
not be necessary if the seed availability within treatedwoodlands is suf-
ficient for the restoration of the understory plant community (Jacobs
and Gatewood, 1999; Stoddard et al., 2008). Thus, there is a need to bet-
ter understand understory plant responses to common fuel-reduction
treatments and evaluate the effectiveness of seeding applications for
restoration so that landmanagers can better prioritize costly restoration
efforts (Allen et al., 2008). A growing number of studies have investigat-
ed the effects of fuel-reduction techniques on piñon-juniper understory
plant communities with (Stoddard et al., 2008; Redmond et al., 2014;
Bybee et al., 2016; DeSandoli et al., 2016; Stephens et al., 2016) and
without seeding applications (Fulé et al., 2002; Haskins and Gehring,
2004; Huffman et al., 2009; Owen et al., 2009; Huffman et al., 2013;
O’Connor et al., 2013; Young et al., 2013; Miller et al., 2014; Roundy
et al., 2014b; Provencher and Thompson, 2014; Bates and Davies,
2016). However, relatively few studies have assessed and compared ef-
fects of the most common fuel-reduction treatments (e.g., mastication,
broadcast burn, pile burn) on understory plant communities
simultaneously (e.g., Huffman et al., 2013; O’Connor et al., 2013;
Provencher and Thompson, 2014; Roundy et al., 2014b) or at time scales
longer than the first 1-4 yr following treatment (but see, e.g., Huffman
et al., 2013; Bates and Davies, 2016). The overarching goal of this
study was thus to evaluate the short- and longer-term (i.e., 6 yr) effec-
tiveness of common fuel-reduction techniques and seeding applications
in enhancing native plant responses while resisting colonization of ex-
otic species in an upland piñon-juniper woodland in southeastern
Utah. We addressed these questions: 1) How does understory vegeta-
tion cover and composition respond to both mechanical and prescribed
fire treatments? and 2) Does seeding increase understory cover and
alter the species composition to the desired seed mix composition?

Methods

Site Description and Experimental Design

This study was conducted on Shay Mesa located on Bureau of Land
Management (BLM) land within the Upper Colorado Plateau region of
southeastern Utah, United States (37°58′42.97″N, 109°31′52.68″W).
The study area at ShayMesa lies at an elevation of 2237m, is character-
ized as an upland shallow loam piñon-juniper ecological site (NRCS,
2004), and is classified as persistent piñon-juniper woodland (Romme
et al., 2009). The upland shallow loam piñon-juniper ecological site
type is common throughout this region of the Colorado Plateau and is
representative of the vegetation types that are commonly targeted for
fuel-reduction treatments by the BLM (USDA, 2004). Mean annual pre-
cipitation on Shay Mesa is 396 mm and follows a bimodal distribution
with monsoonal rains in the summer and snow in the winter, and the
mean growing season temperature (March−October) is 14°C (yr
1981−2010; http://www.prism.oregonstate.edu). Shay Mesa and the
entire study sitewere chained and seeded in 1959 but have since under-
gone rapid recolonization by the primary overstory species two-needle
piñon (Pinus edulis Engelm.) and Utah juniper (Juniperus osteosperma
[Torr.] Little). Other common native plants found within the study site
included mountain big sagebrush (Artemisia tridentata Nutt. ssp.
vaseyana [Rydb.] Beetle), broom snakeweed (Gutierrezia sarothrae
[Pursh] Britton & Rusby), Indian ricegrass (Achnatherum hymenoides
[Roem. & Schult.] Barkworth), and blue grama (Bouteloua gracilis
[Willd. ex Kunth] Lag. ex Griffiths). (A full list of the plant species iden-
tified within the Shay Mesa experimental site is in Table A1 of the
appendix).

In June 2009, fire specialists from the Canyon Country Fire Zone per-
formed three fuel-reduction treatments within randomly designated
treatment areas of approximately equal size (~13 ha) within an area
of ~40 ha on Shay Mesa: 1) mechanical mastication (mastication),
2) lop and scatter followed by a broadcast burn (broadcast burn), and
3) lop and slash collected in piles and then burned (pile burn). Themas-
tication method used a wood mulcher (or “bullhog”) to remove trees
and produce wood mulch. Burn treatments were implemented with
drip torches. The broadcast burn treatment involved cutting down
trees and spreading the slash across the landscape before a prescribed
burn was applied as a backing fire. The pile burn method is similar to
the broadcast burn, but instead of spreading the slash, it was placed
into piles that were subsequently burned. For both controlled burn
treatments, trees were cut in June 2009 and burning was performed 5
months late in November 2009. A control, untreated site was also
established within the experimental site boundaries. Plant cover data
were collected for comparisons in the summer before each treatment
was applied (pretreatment: 2009), as well as one (2010), two (2011),
and six (2015) growing seasons after the treatments were applied.

To assess the effectiveness of post-treatment seeding application,
the original experimental design was a full factorial experiment with
each treatment plot and the untreated area randomly subdivided into
seeded and unseeded plots. However, a seeding error occurred, which
resulted in all broadcast burn and pile burn plots receiving seeding

http://www.prism.oregonstate.edu
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treatments. Due to this error, study vegetation response variables to
fuel-reduction treatments and seeding applications are examined sepa-
rately. Specifically, we compare 1) seeded treatment plots (i.e., seeded
mastication, broadcast burn, pile burn, and control) to discern differ-
ences among seeded fuel-reduction treatments; 2) unseeded mastica-
tion and control plots to assess effects of mastication in the absence of
seeding; and 3) seeded and unseeded mastication and control plots to
determine the relative contribution of seeding to understory plant re-
sponses. The seed mixture was created and applied via all-terrain vehi-
cle (ATV) seed spreaders by BLM collaborators. The mixture was
composed of a combination of seven native and five non-native plant
species (Table 1).

Vegetation & Ground Cover

In the spring (May−June) of 2009, before treatment, we randomly
established ten, 35-m transects within each of the six plot types, all on
slopes of ≤ 8% and on the same soil type (Bond-Rizno fine sandy
loam). Each transect line ran parallel to the contour of the slope. In
2009 (pretreatment), 2010 (one growing season post treatment),
2011 (two growing seasons post treatment), and 2015 (six growing
seasons post treatment), we measured plant and soil cover along each
transect using the line-point intercept method (Herrick et al., 2005). A
pin-flag was dropped at every 50 cm along each transect from a height
of ~1 m for a total of 70 points/transect. Every plant canopy species or
ground cover that the pin-flag hit was recorded, as well as tree and
shrub canopies that were directly above the dropped pin-flag. These
data were used for the analysis of percent total plant cover, plant func-
tional group cover, and plant species richness.

Data Analysis

Pretreatment
Pretreatment (2009) plant cover datawere analyzedusingpermuta-

tional multivariate analysis of variance (PERMANOVA) to test for
community-level differences in plant cover among experimental plots.
Pretreatment plant cover data were tested for normality using the
Shapiro–Wilk test (Shapiro and Wilk, 1965). Subsequently, treatment
data were analyzed using one-way analysis of variance (ANOVA) or
nonparametric Kruskal-Wallis tests to test for pretreatment differences
in parameters related to plant cover. Kruskal-Wallis tests were used if
response variables failed to meet assumptions of normality and homo-
scedasticity. Statistical significance for all tests was set to α = 0.05.

Post Treatment
Due to the seeding error whereby all broadcast burn and pile burn

plots received seeding in 2009, we separate all post-treatment plant
Table 1
Seed mix species applied to seeded treatment plots at Shay Mesa and their relative
abundance in the seed mix. All percentages sum to 100%.

Native

Common name Scientific name % Seed mix

Sandberg bluegrass Poa secunda 18
Indian ricegrass Achnatherum hymenoides 15
Mountain big sagebrush Artemisia tridentata ssp. vaseyana 11
Western wheatgrass Pascopyrum smithii 11
Needle and thread Hesperostipa comata ssp. comata 3
Winterfat Krascheninnikovia lanata 2
Antelope bitterbrush Purshia tridentata 1

Non-native
Lewis flax Linum lewisii 14
Sweetclover Melilotus officinalis 10
Crested wheatgrass Agropyron cristatum 7
Chickpea milkvetch Astragalus cicer 6
Sanfoin Onobrychis viciifolia 2
response data analyses in the following ways: First, seeded fuel-
reduction treatments (seeded mastication, broadcast burn, pile burn,
and control plots) were analyzed together to compare the effects of
seeded fuel-reduction treatments on understory plant communities.
Secondly, unseededmastication plots were compared with the unseed-
ed control in an effort to quantify the effects ofmastication on understo-
ry responseswithout seeding. Finally, unseeded and seededmastication
and control plots were analyzed separately from broadcast and pile
burn plots to directly quantify the effects of seeding on understory
plant community responses. All years seeded and unseeded post-
treatment data were individually analyzed using PERMANOVA to test
for differences in plant cover at the community level. Following
PERMANOVA analysis, 2010, 2011, and 2015 post-treatment data
were analyzed separately in an effort to meet the assumptions of nor-
mality and homoscedasticity. Within each year, treatment and seeding
effects were also analyzed separately. ANOVAs or Kruskal-Wallis non-
parametric tests were used to assess the differences in response vari-
ables among the four seeded fuel-reduction treatment sites
(i.e., mastication, broadcast burn, pile burn, and control plots)with sub-
sequent paired comparisons when treatment effects were indicated.
Following statistically significant results, pair-wise comparisons were
assessed using appropriate parametric post hoc Tukey-Kramer honest
significant difference (HSD) or nonparametric pairwise Wilcoxon
Sum-Rank tests. All P values resulting from pairwise Wilcoxon Sum-
Rank tests were adjusted using a false discovery rate correction. Differ-
ences among seeded and unseeded control and mastication plots by
year were analyzed separately using Kruskal-Wallis tests. All statistical
tests were done in R (R Core Team, 2015), with α = 0.05.

Results

Climate Variability

Climate during the study (2009−2015)was highly variable on Shay
Mesa (Fig. 1). For instance, 2010 (one growing season post treatment),
2011 (two growing seasons post treatment), and 2015 (six growing
seasons post treatment) had abnormally wet winter and/or spring sea-
sons, receiving 99 mm, 38 mm, and 58 mm more total precipitation
from December−May than the 1981−2010 long-term average (146
mm; see Fig. 1). The winter-spring precipitation totals in 2012 and
2013 (three and four growing seasons post treatment), however, were
low, receiving 16 and 13 mm less than the 1981−2010 average, re-
spectfully (see Fig. 1). Notably, the wet winter/spring season of 2015
was also 2.2°C warmer than the long-term average (6.9°C; see Fig. 1).

Pretreatment Understory Plant Community Analysis

Pretreatment plant communitieswere similar across all sites in 2009
(PERMANOVA; P b 0.001), and therewere no statistically significant dif-
ferences among plant response variables (Kruskal-Wallis/ANOVA; all P
N 0.05) across treatment plots. Thus, any differences observed in plant
community cover and composition in post-treatment years should re-
flect treatment effects. Specifically, pretreatment tree coverwas statisti-
cally equal across all experimental plots (P = 0.240) at ~29% (range:
23.1−36.4% cover). Mean herbaceous understory plant cover was
equally low across all treatment plots at ~6% total cover with non-
native species cover at averages of 0.1%. Seed mix plant species cover
was also low across all plots with averages of ~2%.

Understory Plant Community Response to Fuel-Reduction
Treatments with Seeding

In this section, we compare plant community responses among
seeded fuel-reduction treatment plots (i.e., seeded control, mastication,
broadcast burn, and pile burn). Here, we make no direct comparisons
among seeded and unseeded treatment plots due to an error in which



Figure 1. Differences in total precipitation (mm), and mean temperature (°C) compared with 30-yr long-term averages (1981−2010) at Shay Mesa, Utah (data from http://prism.
oregonstate.edu) for winter (December−February), spring (March−May), summer (June−August), and fall (September−November) from December 2009 through May 2015.
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all broadcast and pile burn plots were seeded in 2009. To compare un-
derstory plant community responses to the three seeded fuel-
reduction treatments relative to each other and to the seeded control,
wemeasured understory plant cover and species richness response var-
iables one (2010), two (2011), and six (2015) growing seasons follow-
ing treatment implementation. Understory plant response variables
include the total understory plant community response, which contains
native and non-native herbaceous and woody plant species (Table 2).
Within the total understory plant cover response, we also report native
and non-native plant species cover and percent cover of major plant
functional groups. These functional groups include perennial grasses
and sedges, perennial forbs, annual grasses, annual forbs, trees, and
shrubs. We also report the contributions of seed mix species (see
Table 2) and B. tectorum to the total understory plant community
(Fig. 2).

We observed no treatment effects in understory plant cover re-
sponse variables in the first growing season post treatment (2010)
aside from the expected obvious declines in woody 12 species cover in
all seeded fuel-reduction treatment plots relative to the seeded control,
which remained low (1−3% cover; see Table 2) across all growing sea-
sons. However, by 2011 mean total understory plant cover was more
than threefold higher (P b 0.001; see Table 2) in the three seeded fuel-
reduction treatments relative to the seeded control (mastication =
20%, broadcast burn = 24%; pile burn =18%; control = 5%; see
Table 2). This increase in total understory cover was accompanied by
an increase in understory plant species richness (P b 0.05; Table 3) in
all seeded fuel-reduction treatment plots relative to the seeded control.
Seeded mastication and broadcast burn plots had higher species rich-
ness relative to the seeded pile burn and control plots (P = 0.04 each;
see Table 3). By 2015, total understory plant cover remained higher in
the seeded treatments relative to the seeded control (P b 0.001; see
Table 2) and differed among fuel-reduction treatment types with total
understory cover higher (P = 0.03; see Table 2) in the pile burn plots
at 66% relative to the mastication and broadcast burn plots both at
46% cover. In 2015, species richness was also higher (P b 0.05; see
Table 3) in all seeded treatment plots relative to the seeded control
and was highest in the pile burn plot. This result suggests seeded fuel-
reduction treatments increase understory plant diversity.

In 2011 and 2015 differences between native understory plant cover
in seeded treatment and control plots were primarily attributed to in-
creases in perennial grass and sedge cover in all treatment plots. Specif-
ically, all seeded treatments resulted in high recruitment of native
perennial bunchgrasses Achnatherum hymenoides and Pascopyrum
smithii relative to the seeded control. By 2011 perennial grass and
sedge cover was higher (5−11%; P b 0.05; see Table 2) in all seeded
fuel-reduction treatments relative to the seeded control (0.86% ±
0.23%). Notably, perennial grass and sedge cover was statistically higher
in the seeded broadcast and mastication plots compared with the pile
burn (see Table 2). By 2015 cover of perennial grasses and sedges in-
creased to ~31−38% cover in seeded treatment plots, while their
cover remained low in the seeded control plot at only 2.1%± 0.86%. Pe-
rennial forb cover showed slightly higher (P = 0.05; see Table 2) re-
cruitment in the seeded mastication plot relative to the seeded control
and burn treatments in 2011. However, by 2015 there were no differ-
ences in perennial forb, annual forb, or shrub cover among seeded treat-
ments. During the first two growing seasons, annual grass cover
remained low in seeded treatment plots (2011 average ~2.4%; see
Table 2). However, by 2015, there were notable differences in
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Table 2
Means (and standard errors) of understory vegetative cover (%) by functional groups for the six treatments in post-treatment yr 2010, 2011, and 2015. Total understory plant cover in-
cludes herbaceous and woody native and non-native plant cover.Within the total understory plant response, we also note the relative contributions of native and non-native plant cover,
major plant functional groups (e.g., perennial grasses and sedges, annual grasses), and seedmix species. Uppercase letters A−C indicate statistically differentmeans for the comparison of
unseeded and seeded plots (Control, Mastication) at α= 0.05. Lowercase letters a−c indicate statistically different means for the within-year comparison of seeded plots. No between-
year comparisons are shown.

Comparison of unseeded and seeded plots

Control unseeded Mastication unseeded
Comparison of seeded plots

Control seeded Mastication seeded Broadcast burn seeded Pile burn seeded

Total understory
2010 8.14 (2.61) A 3.43 (1.30) A 5.71 (1.28) Aa 4.43 (1.53) Aa 4.29 (1.79) a 8.14 (1.73) a
2011 7.78 (2.45) A 23.57 (4.02) B 4.86 (1.07) Aa 19.71 (1.90) Bb 23.71 (8.28) b 18.43 (2.19) b
2015 7.43 (2.29) A 71.04 (3.71) B 6.57 (2.64) Aa 45.86 (4.59) Cb 46.00 (6.86) b 66.29 (4.74) c

Non-native
2010 0.14 (0.14) A 0.57 (0.38) A 0.00 (0.00) Aa 0.29 (0.19) Aa 0.57 (0.32) a 0.29 (0.29) a
2011 0.32 (0.29) A 3.86 (1.48) AB 0.14 (0.14) ABa 3.71 (0.83) ACb 5.14 (2.15) c 3.86 (0.80) c
2015 0.00 (0.00) A 29.00 (7.35) B 0.14 (0.14) Aa 3.29 (0.64) Cb 8.71 (2.88) b 18.57 (5.32) c

Native
2010 8.00 (1.81) A 2.86 (1.28) A 5.71 (1.28) Aa 4.14 (1.45) Ab 3.71 (1.52) bc 7.73 (1.70) c
2011 7.00 (2.45) A 19.71 (3.22) B 4.71 (1.00) Aa 16.29 (1.61) Bb 19.00 (6.14) b 15.14 (1.54) b
2015 7.42 (2.29) A 47.86 (3.89) B 6.71 (2.80) Aa 42.57 (4.74) Bb 37.43 (4.71) b 47.71 (3.73) b

Annual grasses
2010 0.00 (0.00) A 0.57 (0.38) A 0.00 (0.00) Aa 0.43 (0.22) Aa 0.57 (0.32) a 0.29 (0.29) a
2011 0.00 (0.00) A 4.43 (1.54) B 0.00 (0.00) Aa 1.29 (0.72) Aa 3.57 (2.06) a 2.29 (0.86) a
2015 0.00 (0.00) A 30.71 (7.47) B 0.00 (0.00) Aa 2.00 (0.77) Ca 5.86 (2.45) ab 16.57 (5.39) b

Perennial grasses and sedges
2010 1.43 (0.56) A 0.43 (0.30) A 1.14 (0.42) Aa 0.57 (0.23) Aa 0.71 (0.38) a 1.43 (0.48) a
2011 2.70 (1.52) A 5.14 (1.33) A 0.86 (0.23) Aa 8.43 (1.87) Abc 11.85 (4.80) c 5.86 (1.54) b
2015 3.14 (1.47) A 35.43 (4.17) B 2.14 (0.86) Aa 37.71 (4.59) Cb 31.43 (5.55) b 38.00 (4.04) b

Annual forbs
2010 0.71 (0.57) A 1.14 (0.67) A 0.00 (0.00) Aa 0.57 (0.23) Aa 1.29 (0.86) a 1.00 (0.37) a
2011 0.16 (0.14) A 7.86 (2.13) A 0.00 (0.00) Aa 2.00 (0.96) Aa 3.57 (1.72) a 3.71 (1.28) a
2015 0.00 (0.00) A 4.00 (1.06) B 0.29 (0.19) Aa 1.43 (0.30) Ba 2.71 (1.45) a 1.86 (0.52) a

Perennial forbs
2010 2.00 (0.71) A 0.71 (0.38) A 2.14 (0.68) Aa 0.43 (0.30) Aa 0.57 (0.32) a 0.57 (0.23) a
2011 1.75 (0.58) A 3.43 (1.52) AB 0.71 (0.32) Aa 5.43 (1.18) Bb 3.43 (1.22) ab 2.00 (0.44) ab
2015 2.70 (0.77) A 1.90 (0.51) A 1.14 (0.51) Aa 2.43 (0.74) Aa 1.86 (0.77) a 2.43 (1.00) a

Shrubs
2010 4.00 (1.20) A 0.57 (0.38) A 2.43 (0.95) Aa 2.43 (0.93) Aa 1.14 (0.59) a 4.86 (1.23) a
2011 3.17 (1.06) A 2.71 (0.86) A 3.29 (0.95) Aa 2.57 (0.79) Aa 1.71 (0.36) a 4.71 (1.66) a
2015 1.86 (0.85) A 7.43 (1.31) B 3.29 (2.07) Aa 2.29 (0.57) Aa 4.14 (0.62) a 7.43 (1.67) a

Trees
2010 26.14 (4.44) A 1.28 (1.28) B 31.14 (3.91) Aa 0.71 (0.44) Bb 3.29 (1.89) b 1.28 (1.14) b
2011 26.57 (3.34) A 1.14 (1.14) B 28.29 (3.61) Aa 0.14 (0.14) Bb 2.14 (2.14) b 1.29 (0.99) b
2015 23.14 (2.82) A 1.00 (1.00) B 29.27 (3.32) Aa 0.00 (0.00) Bb 2.86 (2.86) b 2.14 (1.99) b

Seed mix species
2010 0.43 (0.22) A 0.14 (0.14) A 0.86 (0.32) Aa 0.00 (0.00) Aa 0.43 (0.22) a 0.86 (0.32) a
2011 0.63 (0.39) A 3.71 (1.15) AB 0.95 (0.57) ABa 10.00 (2.36) Bb 11.43 (2.65) b 7.14 (1.81) b
2015 1.46 (0.66) A 29.57 (3.71) B 1.86 (0.78) Aa 33.86 (4.81) Bb 31.86 (5.59) b 40.00 (4.97) b
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B. tectorum response among seeded fuel-reduction treatment types
with cover nearly threefold higher in the pile burn (16.29% ± 5.13%;
see Fig. 2) relative to broadcast burn (5.86% ± 2.45%; see Fig. 2) and
mastication (1.57% ± 0.65%; see Fig. 2) plots. Notably, B. tectorum was
absent in the seeded control in allmonitored growing seasons. These re-
sults show a trend of increased B. tectorum recruitment as a conse-
quence of the fuel-reduction activities in this study.

Understory Plant Community Response to Mastication (Without Seeding)

To directly quantify understory plant community responses to mas-
tication in the absence of seeding, we compared understory plant re-
sponses in the unseeded mastication plot to unseeded control. After
two growing seasons (2011), unseeded mastication increased under-
story plant cover, resulting in threefold higher total understory plant
cover (23.71% ± 8.28%; P b 0.01; see Table 2) relative to the unseeded
control (7.78% ± 2.45%). Continuing this trend, by the sixth growing
season post treatment (2015) the unseeded mastication treatment
had 9.5-fold higher total understory plant cover (71.04% ± 3.71%; P b

0.001; see Table 2) relative to the unseeded control (7.43% ± 2.29%).
Within the total understory cover response by 2015, the unseeded

mastication treatment resulted in over sixfold higher native plant
species cover (47.86%±3.89%; P=0.01; see Table 2) relative to the un-
seeded control (7.42% ± 2.29%). In the unseeded mastication plot, pe-
rennial grasses and sedge, annual forb, and shrub cover increased by
factors of 11 (35.43% ± 4.17%), 4 (4.00% ± 1.06%), and 4 (7.43% ±
1.31%), respectively, compared with the unseeded control (3.14% ±
1.47%, 0.00% ± 0.00%, 1.86% ± 0.85%; all P b 0.01; see Table 2). Overall,
herbaceous perennial plant cover comprised 53% and 79% of relative
plant cover in the unseeded mastication and control, respectively, by
2015. Alongwith these increases, non-native plant cover also increased
30-fold (29.00% ± 7.35%; see Table 2) in the unseeded mastication rel-
ative to the unseeded control (0.00% ± 0.00%). B. tectorum contributed
to a majority (91%) of this non-native plant cover response. Indeed,
while B. tectorum remained absent in the unseeded control for all grow-
ing seasons, the unseeded mastication treatment resulted in 26.36% ±
3.71% B. tectorum cover by 2015. Notably, B. tectorum cover in the un-
seeded mastication plot was the highest among all seeded and unseed-
ed fuel-reduction treatments.

Understory Plant Community Responses to Seeding Application

To quantify the relative contribution of seeding to the understory re-
sponse in mastication and control plots, we compared the cover and



Figure 2.Mean post-treatment B. tectorum cover for the six treatments two (2011) and six (2015) growing seasons post treatment. Pretreatment (2009) and one growing season (2010)
post treatment are not shownbecause therewere no treatment effects in these years. In 2011 and 2015, therewas 0% cover ofB. tectorum in unseeded and seeded control plots (denoted by
“*”). Lowercase letters a−c indicate statistically differentmeans for the comparison of unseeded and seeded plots atα=0.05. Uppercase letters A−C indicate statistically differentmeans
for the within-year comparison of seeded plots. Bars represent ± 1 standard error of the mean (n = 10). No between-year comparisons are shown.
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species richness of the 12 seeded plant species (see Table 1) in both the
unseeded versus seeded controls and the unseeded versus seededmas-
tication plots. While we cannot ultimately determine which individual
plants recruited from the seed mix versus the preexisting seed bank
on Shay Mesa, these comparisons allow us to gauge the relative contri-
bution of seeding to seedmix species recruitment in the post-treatment
landscape.

We found no differences in plant cover or richness responses be-
tween seeded and unseeded control plots in any years sampled (see
Tables 2 and 3). This suggests that seeding applications may not signif-
icantly enhance understory plant communities in persistent piñon-juni-
per woodlands when fuel-reduction treatments are not applied in
combination with seeding.
Table 3
Means (and standard errors) of total understory, non-native, native, and seed mix plant specie
A−C indicate comparison of unseeded and seeded plots at α = 0.05. Lowercase letters a−c in

Treatment

Comparison of unseeded and seeded plots

Control unseeded Mastication unseeded
Control seed

Total understory
2010 3.20 (0.65) A 1.50 (0.56) B 2.70 (0.52) A
2011 2.80 (0.68) A 6.10 (0.98) B 1.80 (0.29) C
2015 2.60 (0.58) A 8.00 (0.65) B 2.30 (0.56) A

Non-native
2010 0.10 (0.10) A 0.20 (0.13) A 0.00 (0.00) A
2011 0.10 (0.10) A 0.60 (0.16) B 0.10 (0.10) A
2015 0.00 (0.00) A 1.00 (0.15) B 0.10 (0.10) A

Native
2010 3.10 (0.59) A 1.30 (0.54) B 2.70 (0.52) A
2011 2.70 (0.52) A 5.50 (0.86) B 1.70 (0.26) C
2015 2.60 (0.58) A 7.00 (0.60) B 1.60 (0.43) A

Seed mix
2010 0.30 (0.15) A 0.10 (0.10) B 0.30 (0.15) A
2011 0.40 (0.22) AB 0.80 (0.20) A 0.30 (0.15) B
2015 0.50 (0.17) A 2.00 (0.26) B 0.50 (0.17) A
While there was no effect of seeding in control plots, we observed
differences in understory plant community cover and composition be-
tween the unseeded and seededmastication plots. Therewere nodiffer-
ences in total understory plant cover in the first (2010) and second
(2011) growing season post treatment. However, by 2015 there was a
significant seeding effect (P = 0.03; see Table 2) whereby total under-
story cover was highest at 71.04%± 3.71% in the unseeded mastication
compared with the seeded mastication plot (45.86% ± 4.59%; see
Table 2). Within their total understory plant cover responses, unseeded
and seeded mastication treatments produced distinct understory plant
communities by the sixth growing season post treatment. By 2015 the
seeded mastication treatment resulted in marginally greater cover of
perennial grass and sedges (37.71% ± 4.59%; P = 0.04; see Table 2)
s richness for six treatments in post-treatment yr 2010, 2011, and 2015. Uppercase letters
dicate statistically different means for the comparison of seeded plots.

Comparison of seeded plots

ed Mastication seeded Broadcast burn seeded Pile burn seeded

ab 2.10 (0.66) ABa 2.00 (0.88) ab 3.40 (0.60) b
a 7.40 (0.52) Bb 5.80 (0.84) c 6.80 (0.71) bc
a 7.30 (0.47) Bb 6.60 (0.45) b 8.30 (0.50) c

a 0.20 (0.13) Ab 0.30 (0.15) b 0.10 (0.10) ab
a 1.40 (0.16) Cb 1.70 (0.42) b 1.80 (0.25) b
a 1.10 (0.18) Bb 1.20 (0.25) b 1.70 (0.26) c

Cab 1.90 (0.60) BCa 1.70 (0.75) a 3.30 (0.58) b
a 6.00 (0.56) Bb 4.10 (0.57) c 5.00 (0.49) bc
a 6.20 (0.47) Bbc 5.40 (0.43) b 6.60 (0.40) c

a 0.00 (0.00) Bb 0.30 (0.15) a 0.60 (0.22) a
a 2.90 (0.50) Cb 2.70 (0.47) b 2.20 (0.51) b
a 3.40 (0.45) Cb 3.30 (0.21) b 3.60 (0.37) b
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and threefold lower shrub cover (2.29%± 0.57%; P=0.03; see Table 2)
relative to perennial grass and sedge (35.43%±4.17%) and shrub (7.43%
± 1.31%) in the unseeded mastication treatment. Overall, herbaceous
perennial plant cover was ~53% and ~88% in the unseeded and seeded
mastication plots, respectively. Annual grass cover was additionally N

15-fold higher in the unseeded mastication treatment (30.71% ±
7.47%; P= 0.01; see Table 2) at 44% cover relative to the seeded masti-
cation treatment (2.00% ± 0.77%). This difference in annual grass cover
was driven vastly by proliferation of B. tectorum in the unseeded masti-
cation plot (see Fig. 2). Indeed, B. tectorum accounted for 86% of all an-
nual grass cover in the unseeded mastication plot and comprised
26.36%±3.71% of unseededmastication ground cover (see Fig. 2). Con-
versely, B. tectorum cover in the seeded mastication remained low
(1.57% ± 0.65%). Lower cover of B. tectorum in the seeded mastication
plot suggests seeding applications may pose a barrier to annual grass
proliferation following mastication as a fuel-reduction treatment.

In addition to analyzing differences in plant functional groups be-
tween unseeded and seededmastication plots, we also specifically com-
pared seed mix species cover and richness. Interestingly, while there
was no significant seeding effect on mean seed mix species cover be-
tween unseeded and seeded mastication treatments, seed mix species
richness was higher (P = 0.05; see Table 3) in the seeded mastication
plot relative to the unseededmastication plot both two and six growing
seasons post treatment. This result may suggest that while the applied
seedmix did not increase cover of seedmix species, seeding contributed
to higher plant community diversity in seeded plots.

Discussion

Our results highlight differences in understory plant community re-
sponses to common fuel-reduction treatments (i.e., mastication, broad-
cast burn, pile burn) with seeding applications in an upland piñon-
juniper woodland on Shay Mesa within the Colorado Plateau region of
southeastern Utah. We found short-term (1−2 growing seasons) her-
baceous understory plant recruitment responded similarly across all
seeded fuel-reduction treatments and followed trends consistent with
the results of similar studies comparing understory vegetation re-
sponses in piñon-juniper woodlands to fuel-reduction treatments. Six
growing seasons post treatment, however, we found seeded fuel-
reduction treatments produced differences in understory plant commu-
nity composition, specifically in differing annual grass cover. Additional-
ly, comparisons between unseeded and seeded mastication plots
suggest seeding applications may contribute to native over non-native
plant recruitment following treatment.

Plant Community Response to Fuel-Reduction Treatments with Seeding

Primary goals when implementing fuel-reduction treatments in
piñon-juniperwoodlands on public lands include reducingwoody over-
story fuel loads and enhancing herbaceous understory plant communi-
ties. In assessment of the first goal, we analyzed overstory tree cover
before and after fuel-reduction treatment. Importantly, pretreatment
(2009) average tree (piñon and juniper) cover was statistically equiva-
lent across treatment plots at about 29%. Pretreatment tree cover has
been shown by others to influence understory abundance and the tra-
jectory of post-treatment understory plant responses (Bates et al.,
2005; Dhaemers, 2006; Bates et al., 2014; Miller et al., 2014; Roundy
et al., 2014b). As pretreatment tree coverwas approximately equivalent
for all plots in our study, we can assume that all differences in post-
treatment understory plant responses represent treatment effects rath-
er than pretreatment tree cover differences. Following treatment, we
found all fuel-reduction treatments were similarly successful in de-
creasing piñon-juniper woody fuel loads and resulted in low reestab-
lishment of tree cover one, two, and six growing seasons post
treatment (see Table 2). Fuel-reduction treatments reduced post-
treatment tree cover to an average of 1.3% across treatments in 2010,
and that tree cover remained at 1.5% through 2015. This suggests that
since fuel-reduction treatment implementation in 2009, there has
been relatively low tree reestablishment on Shay Mesa.

In assessment of the second goal, we first compared understory
plant community responses to seeded fuel-reduction treatments.
While we cannot directly quantify the effects of broadcast and pile
burn treatments in the absence of seeding, we are able to discern rela-
tive treatment effects by comparing the seeded mastication, broadcast
burn, and pile burn treatments to the seeded control. All seeded treat-
ments were successful in increasing herbaceous understory plant
cover one (2010), two (2011), and six (2015) growing seasons post
treatment, though the magnitude of these increases and resulting un-
derstory plant community composition varied by treatment across
years. Short-term (1−2 growing season) herbaceous understory re-
sponses to seeded fuel-reduction treatments in this study follow trends
similar to those reported in other studies comparing understory plant
responses to fuel-reduction treatments (both seeded and unseeded)
and untreated controls in piñon-juniper woodlands. With few excep-
tions (Owen et al., 2009), studies indicate that herbaceous understory
cover typically increases in the first 1−3 yr following mastication
(Ross et al., 2012; Young et al., 2013; Redmond et al., 2014; Bybee
et al., 2016; Stephens et al., 2016), broadcast burn (Ross et al., 2012;
O’Connor et al., 2013; Redmond et al., 2014), and pile burn (Ross et al.,
2012; O’Connor et al., 2013; Redmond et al., 2014) fuel-reduction
treatments.

On the basis of ecological site descriptions, the potential understory
plant cover in upland piñon-juniper woodlands is 55% (NRCS, 2004).
However, such restoration targets are often not met by the first 1−3
growing seasons following treatment. Our study results, for instance,
showed an average of only 20% total understory plant cover with 12%
herbaceous perennial cover two growing seasons post treatment. While
there were no differences in perennial herbaceous cover in 2010, there
was slightly greater perennial grass and sedge cover in seeded broadcast
burn (~12%; see Table 2) relative to the seeded pile burn (~6%) plot in
2011. Overall, lower perennial responses 1−3 yr following treatment
may be because this timewindow is too soon to detect substantial estab-
lishment and growth of perennials (Bates et al., 2005, 2007).

Despite the modest response of perennial species in 2010 and 2011,
by 2015 we observed more substantial increases in perennial herba-
ceous understory plant cover across seeded fuel-reduction treatments
(~38%; see Table 2) that were on the magnitude of established restora-
tion goals for upland piñon-juniper woodlands (NRCS, 2004). Delayed
increases in perennial understory cover over longer time scales are con-
sistent with other longer-term studies in piñon-juniper woodlands that
assess vegetation dynamics following fuel-reduction treatments (e.g., 5
yr, O’Connor et al., 2013; 10 yr, Bates and Davies, 2016). Studies demon-
strate that the perennial understory is often slow to recover following
fuel-reduction with low perennial cover in the first to third growing
seasons followed by more substantial increases 5−10 yr post treat-
ment. Within the perennial response, we found large responses in pe-
rennial grass and sedge cover 6 yr post treatment but no substantial
increases in perennial forb cover over time. This result of low perennial
forb cover is consistent with other piñon-juniper removal studies
(Owen et al., 2009; Provencher and Thompson, 2014), but it conflicts
with other observations of significant increases in perennial forb cover
by 2−3 growing seasons post treatment (Tausch and Tueller, 1977;
O’Connor et al., 2013). Others have shown annual forbs tend to domi-
nate early successional, post−fuel-reduction piñon-juniper understory
plant communities and then decline as perennial species cover in-
creases over time (Bates et al., 2000; Bates and Svejcar, 2009). We
conversely found no substantial increase in annual cover across fuel-
reduction treatments 1−2 yr following treatment and observed
generally low forb cover across all post-treatment years (see Table 2).
Low annual forb cover may be potentially due to below-average
annual precipitation observed in 2011, 2012, and 2014 on Shay Mesa
(see Fig. 1).
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B. tectorum Response to Seeded Fuels-Reduction Treatments

Although we found all seeded fuel-reduction treatments to be simi-
larly successful in enhancing cover of theherbaceous understory,we did
observe differences in native versus non-native understory plant com-
munity composition among treatments by 2015. Specifically, there
were large differences in the response of B. tectorum among seeded
fuel-reduction treatments. B. tectorum was all but absent from this
piñon-juniperwoodland before treatment in 2009 and remained entire-
ly absent in both unseeded and seeded control plots in all years moni-
tored (see Fig. 2). In the first two growing seasons following
treatment, B. tectorum cover remained relatively low with an average
of relative cover of ~9% in 2011 among all seeded treatments. However,
by 2015 B. tectorum cover increased significantly across all seeded treat-
ment plots, reaching ~15% average relative cover (see Fig. 2). Overall,
these results suggest a delayed response of B. tectorum in seeded fuel-
reduction treatment plots.

Delayed B. tectorum colonization following fuel-reduction treat-
ments reflects a consistent trend reported in other short and longer-
term piñon-juniper fuel-reduction studies (O’Connor et al., 2013;
Roundy et al., 2014b; Miller et al., 2014; Stephens et al., 2016). In our
study, we postulate increases in B. tectorum cover over time are likely
due to a combination of several factors. First, B. tectorum has been
shown to respond positively to above-average levels of precipitation
in the winter and spring when accompanied by above-normal seasonal
temperatures (Zelikova et al., 2013). As there was a warm winter and
above-average precipitation in spring 2015 (see Fig. 1), it is possible
that the observed increases in B. tectorum cover in 2015 were in part
due to favorable climatic factors. Differences in pretreatment
B. tectorum cover among treatment plots are additionally often thought
to contribute to post-treatment B. tectorum colonization (Roundy et al.,
2014b). However, therewere nodifferences in pretreatmentB. tectorum
cover across plots on Shay Mesa. Therefore, our results suggest differ-
ences in the microenvironments produced by the fuel-reduction treat-
ments themselves led to observed differences in B. tectorum invasion.

By 2015, B. tectorum cover was the main driver of differences in un-
derstory plant community cover between seeded fuel-reduction treat-
ments. Despite similar perennial plant responses among seeded
treatments in 2015 (33−40% cover; see Table 2), B. tectorum contribut-
ed to a staggering 25% of relative understory cover in seeded pile burn
plots and only 13% and 3% in the seeded broadcast burn andmastication
plots, respectively. The result of high B. tectorum colonization following
pile burning supports similar studies that report dense patches of
B. tectorum surrounding pile burned areas in treated piñon-juniper
woodlands (Haskins and Gehring, 2004; Owen et al., 2009; Ross et al.,
2012). In contrast to the seeded pile burn treatment, B. tectorum cover
remained relatively low in seeded broadcast burn and mastication
plots at 5.86% ± 2.45% and 1.57% ± 0.65%, respectively. The seven-
fold increase in B. tectorum cover between 2011 and 2015 in the seeded
pile burn treatment suggests short- and longer-termmonitoring efforts
can show very different snapshots of understory plant community re-
sponse to different fuel-reduction techniques and highlights that
longer-termmonitoring may be needed to adequately capture nuances
in ecological responses to fuel-management strategies.

In comparison of the two burn treatments, unlike the seeded pile
burning, seeded broadcast burning was not associated with large in-
creases in B. tectorum colonization. While B. 22 tectorum proliferation
is common in postfire landscapes, this result is surprising and conflicts
with similar studies that have shown greater B. tectorum colonization
following broadcast burning relative to pile burning (O’Connor et al.,
2013; Redmond et al., 2014). Differences in early post-treatment com-
munity assembly may underlie the observed differences in B. tectorum
between seeded broadcast and pile burn plots. Low perennial plant re-
cruitment following fire often drives B. tectorum colonization in postfire
landscapes (Tausch, 1999; Dhaemers, 2006; Bates et al., 2006; Condon
et al., 2011; Roundy et al., 2014b). In 2011 we did observe lower
perennial grass and sedge cover in the pile burn plot (5.86% ± 1.54%;
see Table 2) relative to the broadcast burn plot (11.85% ± 4.80%; see
Table 2). Thus, while perennial grass and sedge cover became statistical-
ly equivalent in seeded broadcast and pile burn plots by 2015 (~35%;
see Table 2), it is possible that lower perennial cover in the pile burn
in the second growing season post treatment may have increased pile
burn plot susceptible to B. tectorum colonization during later post-
treatment community assembly.

Our results suggest differences in the microenvironments produced
by seeded broadcast and pile burning may have differentially impacted
native and non-native plant community assembly in postfire land-
scapes. Broadcast and pile burning techniques share commonalities.
For instance, both broadcast and pile burning can generate pulses of
available nutrients that promote exotic plant invasion, specifically
nitrophilic species like B. tectorum (Blank et al., 2007; Owen et al.,
2009; DeSandoli et al., 2016). Burning can additionally increase soil ero-
sion (Neary et al., 1999) and create vegetation-depleted burn scars
(Korb et al., 2004; Halpern et al., 2014) with diminished soil seed
banks (Neary et al., 1999; Allen et al., 2008). Thus, burning may pose
barriers to postfire native plant establishment and favor establishment
of non-native species with more efficient dispersal mechanisms
(Grime, 1977). Despite commonalities, however, there are also differ-
ences between broadcast and pile burn treatments that may have con-
tributed to differential B. tectorum invasion. Unlike broadcast burning,
which burns slash spread across the landscape, pile burning burns
slash only in discrete piles. This practice can leave interspaces between
the piles intact with the intention that unburned interspaces may then
provide propagules for the recolonization of vegetation. However,
slash piles associated with pile burning can burn longer and at higher
temperatures comparedwith broadcast burning. Such localized high in-
tensity fire (over 300°C) has the potential to sterilize soil, and may lead
to increased mortality of plant roots and seeds (Neary et al., 1999). For
these reasons, pile burning may decrease re-establishment of native
vegetation within the first few years post-treatment (Blank et al.,
2007; Owen et al., 2009; Fornwalt and Rhoades, 2011). It is possible
that the observed limited perennial grass colonization 1 and 2 yr post
treatment (see Table 2) in pile burn plots may have contributed to
higher B. tectorum invasion in the pile burn plot compared with seeded
broadcast burn treatment.

Mechanical mastication with seeding resulted in a strong native un-
derstory plant cover response (47.71% ± 3.73%; see Table 2) and pro-
duced significantly lower B. tectorum cover (1.57% ± 0.65%; see Fig. 2)
compared with broadcast and pile burn treatments. These results are
consistent with other studies in piñon-juniper woodlands that indicate
mastication is a successful means of reducing overstory fuel-loads and
enhancing understory plant communities (Ross et al., 2012; Young
et al., 2013; Redmond et al., 2014; Bybee et al., 2016; Stephens et al.,
2016). Mechanical masticationmay differentially affect the recruitment
of native and exotic plant species for several reasons. First, as mastica-
tion does not involve burning, it may leave more residual vegetation
and seed propagules behind from the pretreatment plant community
relative to prescribed burning treatments. This may also promote soil
stability and more rapid native plant recruitment in the post-treatment
landscape relative to burn treatments. Following treatment, layers of
mulch associated with mastication can alter the surrounding microenvi-
ronment by creating a physical barrier hindering native plant recruitment
and survival (Rhoades et al., 2012; Faist et al., 2015) and may obstruct
plant access to light. Alternatively, mulch can encourage native plant re-
cruitment following treatment by promoting soil stability, higher soil
moisture and nutrient content, and cooler soil microclimate relative to
areas lacking mulch (Chambers et al., 2007; Owen et al., 2009; Rhoades
et al., 2012; Robichaud et al., 2013).Mulching can also temporarily reduce
soil available N (Perry et al., 2010; Rhoades et al., 2012). This mechanism
may depress the establishment of invasive exotic plant species with high
N demand (Perry et al., 2010) and has been specifically shown to reduce
B. tectorum germination (Wicks, 1997).
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Understory Plant Response to Seeding Applications

We cannot be certain which individual plants recruited from the
seed mix versus the seed bank on Shay Mesa following fuel-reduction
treatments. However, by comparing unseeded and seeded mastication
plots, we can infer the relative contribution of seeding applications to
the understory response tomastication treatments.We foundunseeded
and seeded mastication plots produced similar understory plant com-
munities, with only slight differences in herbaceous perennial plant
cover (~37% and ~40% respectively; see Table 2). However, in stark con-
trast to the seeded mastication treatment, the unseeded mastication
treatment resulted in a staggering increase in B. tectorum cover. In ac-
cordance with other studies that have shown seeding treatments help
reduce proliferation of non-native annual species following fuel-
reduction activities and fire (Beyers, 2004; Floyd et al., 2004; Hunter
et al., 2006; Thompson et al., 2006; DeSandoli et al. 2016), we found
seed application with mastication treatments produced 15-fold lower
B. tectorum cover than mastication alone (see Fig. 2). Seed applications
are often used as a restoration tool to increase herbaceous plant estab-
lishment by supplementing depleted seed banks following fuel-
reduction treatments (Poulsen et al., 1999). By increasing native plant
cover, seeding applications following fuel-reduction treatments have
been shown to decrease community vulnerability to exotic plant inva-
sion (Floyd et al., 2004; Thompson et al., 2006; DeSandoli et al. 2016).

Interestingly, though, there were no differences in total understory
or seed mix species cover between the seeded and unseeded mastica-
tion plots across growing seasons (see Table 2). This suggests seed ap-
plications did not increase overall understory plant establishment in
seeded plots.We found, however, both seedmix and non-native species
richnesswas higher in the seeded comparedwith unseededmastication
plot 2 and 6 yr post treatment (see Table 2). This could imply that differ-
ences in mastication plot invasibility may be attributed to differences in
plant functional and species diversity contributed by the seedmix rath-
er than differences in cover. Plant community diversity has beenwidely
hypothesized to promote ecosystem resilience and decrease suscepti-
bility to persistent exotic plant invasions at small spatial scales
(Naeem et al., 2000; Diaz and Cabido, 2001; Kennedy et al., 2002;
Kuebbing et al., 2013). Seed mix perennial herbaceous species
Agropyron cristatum (crested wheatgrass), Poa secunda (Sandburg blue-
grass), Linum lewisii (Lewis flax), and Onobrychis viccifolia (sanfoin) and
shrubs Purshia tridentata (antelope bitterbrush) and A. tridentata
(mountain big sagebrush) recruited in the seeded mastication plot but
were entirely absent from the unseeded mastication plot.

Our results suggest non-native perennial plant diversity associated
with the applied seed mix may have been important in determining
site-specific susceptibility to B. tectorum invasion following mechanical
mastication.With non-native perennial plant species present in the ap-
plied seed mix (see Table 1), we found seeding enhanced non-native
perennial species diversity in the seeded mastication plot. Perennial
plant establishment can reduce soil resource availability (e.g., soil nutri-
ents, biological root space) to levels at which annual grasses are no lon-
ger competitive (Wedin and Tilman, 1990; Prober and Lunt, 2009).
Interestingly, we found A. cristatum, a non-native, agronomic,
drought-tolerant perennial bunchgrass at the greatest abundance
among seed mix species in the seeded mastication plot in both 2011
and 2015. This result was consistent with Redmond et al.’s (2013) find-
ing of high relative recruitment of A. cristatum following seeding and
fuel-reduction treatments in a similar upland piñon-juniper woodland
on the Colorado Plateau. A. cristatum is a strong competitor with other
species during the establishment period (USDA, NRCS, 2016), and has
been shown to suppress B. tectorum colonization (Francis and Pyke,
1996; Blank et al., 2015). Our result of decreased invasive grass cover
following seeding of native and agronomic plant species is supported
by a recent study in a Great Basin Ponderosa Pine ecosystem that
showed the seeding of agronomic grass species decreased undesired
non-native plant recruitment following pile burning (DeSandoli et al.
2016). The use of agronomic species for restoration is controversial. Ag-
ronomic grass species can stabilize soils and suppress establishment of
other non-native plant species. However, seeding of such species can
also lead to establishment of self-sustaining monocultures and deple-
tion of local biodiversity as shownwith A. cristatum in other ecosystems
(Redente et al., 1989). Hence, early recruitment of A. cristatum and other
seed mix species during the establishment period may have served as a
possible mechanismwhereby B. tectorumwas suppressed in the seeded
mastication plot. However, considering use of fast-establishing agro-
nomic species in restoration efforts should be approached with caution.

Our results support mechanical mastication as a successful fuel-
reduction strategy with the potential to encourage seed mix species re-
cruitment by contributing to favorable microenvironment for native
plant recruitment by stabilizing the soil surface, conserving soil mois-
ture, and moderating soil microclimate (Massman et al., 2006; Miller
and Seastedt, 2009; Owen et al., 2009; Ross et al., 2012; Young et al.,
2013; Pierson et al., 2014; Stephens et al., 2016). However, as we ob-
served the unseeded mastication plot to have the highest post-
treatment invasion of B. tectorum among all treatments on Shay Mesa,
our results also imply the potential importance of seeding when
implementing mastication treatments. To place these results into a
broader context, though, we also recognize that in addition to microen-
vironmental changes caused bymastication treatments, larger-scale cli-
matic differences may also contribute to site-specific invasibility in the
post-treatment landscape as noted in prior studies. Bybee et al.
(2016), for instance, observed low B. tectorum invasion and successful
native plant recruitment following unseeded mastication treatments
across a wide range of piñon-juniper sites. Collectively, results from
our study suggest applying seed mix in conjunction with mastication
may be an effective management tool to promote establishment of na-
tive and seed mix species while decreasing colonization of undesirable
invasive annual grasses like B. tectorum during the establishment period
of post-treatment plant community assembly.

Management Implications

Increased piñon-juniper woodland stand density has led to de-
creased herbaceous understory plant communities, diminished live-
stock and wildlife forage, and increased the risk of high-severity
wildfire in thewestern United States. Thus exists an evident need for ef-
fective fuel-reduction strategies in these ecosystems. Management
under the National Fire Plan has focused on reducing the risk of cata-
strophic fire while restoring historic cover of understory plant commu-
nities (NFP, 2000). However, these goals must be weighed against the
potential risks of fuel-management strategies to decrease ecosystem
stability and increase cover of invasive plant species like B. tectorum.
Once established, B. tectorum may persist in ecosystems causing long-
term impacts on ecological function including altered ecosystem N dy-
namics (Sperry et al., 2006), changes in soil biota (Belnap and Phillips,
2011), decreased forage quality for wildlife and livestock (Knapp,
1996), and increased risk of wildfire (Link et al., 2006).

Our results showed seeded mastication, broadcast burn, and pile
burn fuel-reduction treatments to be successful in both reducing
woody overstory fuel loads and increasing herbaceous understory
cover 6 yr post treatment in an upland semiarid piñon-juniper wood-
land on the Colorado Plateau. Differences in treatment-associated dis-
turbance regimes, however, produced understory plant communities
with dramatically different levels of B. tectorum invasion. Specifically,
pile burning with seeding resulted in high proliferation of B tectorum
when compared with other seeded treatment types. Seeding seems to
contribute to lowering site invasibility in the post-treatment landscape.
In our direct comparison of seeded and unseededmastication, the seed-
ed mastication plot had higher seed mix species richness than its un-
seeded counterpart, a difference that corresponded to nearly 15-fold
lower B. tectorum cover than in the unseeded mastication plot, and the
lowest cover across all treatments implemented. This indicates seeding



Table A1 (continued)

Symbol Scientific name Common name

LILE3 Linum lewisii Lewis flax
LIPA5 Lithophragma parviflorum Smallflower woodland-star
MEMU3 Mentzelia multiflora Adonis blazingstar
ONVI Onobrychis viciifolia Sainfoin
PAMU11 Packera multilobata Lobeleaf groundsel
PEPU7 Petradoria pumila Rock goldenrod
PESP Penstemon speciosus Royal penstemon
PEUT Penstemon utahensis Utah penstemon
PHAC4 Physaria acutifolia Sharpleaf twinpod
PHHO Phlox hoodii Spiny phlox
SPCO Sphaeralcea coccinea Scarlet globemallow
STCO6 Streptanthus cordatus Heartleaf twistflower
TAOF Taraxacum officinale Common dandelion
TEACA2 Tetraneuris acaulis var. acaulis Stemless four-nerve daisy
TEIV Tetraneuris ivesiana Stemless woolybase
TOIN Townsendia incana Silvery townsendia
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applications used in conjunction with fuel-reduction activities may
be worth associated time and financial investments to prevent
against B. tectorum proliferation in post−fuel-reduction piñon-juniper
woodlands. Given our current understanding, we suggest mechanical
mastication with seeding application may be the most effective fuel-
reduction treatment to promote native over non-native understory
plant establishment in similar upland piñon-juniper woodlands. Mastica-
tion is additionally generally less expensive than prescribed burning
treatments (i.e., broadcast and pile burning) and has been shown to
yield a greater ecological return on investment relative to burn treat-
ments (Provencher and Thompson, 2014). Our study offers longer-term
data on piñon-juniper understory plant community responses to fuel-
reduction activities than many existing studies and suggests monitoring
communities over longer time scales may strengthen our ability to draw
robust conclusions about longstanding ecological consequences of fuel-
reduction activities.
Annual forbs
ALLE7 Aliciella leptomeria Sand gilia
CETE5 Ceratocephala testiculata Curveseed butterwort
CHFR3 Chenopodium fremontii Fremont's goosefoot
COWR2 Cordylanthus wrightii Wright's bird's beak
CRPT Cryptantha pterocarya Wingnut cryptantha
DRNE Draba nemorosa Woodland draba
ERCE2 Eriogonum cernuum Nodding buckwheat
LAMA9 Lappula marginata Margined stickseed
LAOC3 Lappula occidentalis Flatspine stickseed
LASE Lactuca serriola Prickly lettuce
MACA2 Machaeranthera canescens Hoary tansyaster
MEOF Melilotus officinalis Sweetclover
PHIV Phacelia ivesiana Ives' phacelia
PLPA2 Plantago patagonica Woolly plantain
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SACO8 Salsola collina Slender Russian thistle
SIAL2 Sisymbrium altissimum Tall tumblemustard
TRDU Trigopogon dubius Yellow salsify

Perennial grasses
ACHY Achnatherum hymenoides Indian ricegrass
AGCR Agropyron cristatum Crested wheatgrass
Appendix A
Table A1
Plant species identified within the Shay Mesa experimental site during the 4 yr of sam-
pling: 2009 (pretreatment), 2010 (one growing season post treatment), 2011 (two grow-
ing seasons post treatment), and 2015 (six growing seasons post treatment).

Symbol Scientific name Common name

Trees
JUOS Juniperus osteosperma Utah juniper
PIED Pinus edulis Two-needle pinyon

Shrubs
ARTRV Artemisia tridentata ssp. vaseyana Mountain big sagebrush
CEMO2 Cercocarpus montanus Alderleaf mountain mahogany
CHVI8 Chrysothamnus viscidiflorus Yellow rabbitbrush
EPVI Ephedra viridis Mormon tea
ERMI4 Eriogonum microthecum Slender buckwheat
ERNA10 Ericameria nauseosa Rubber rabbitbrush
OPPO Opuntia polyacantha Plains pricklypear
PUTR2 Purshia tridentata Antelope bitterbrush
YUAN2 Yucca angustissima Narrowleaf yucca
YUHA Yucca harrimaniae Spanish bayonet

Perennial forbs
ARFE3 Arenaria fendleri Fendler's sandwort
ARPE2 Arabis perennans Perennial rockcress
ASAM5 Astragalus amphioxys Crescent milkvetch
ASMO7 Astragalus mollissimus Woolly locoweed
CANU3 Calochortus nuttallii Sego lily
CHER2 Chaetopappa ericoides Rose heath
CHFE3 Chamaesyce fendleri Fendler's sandmat
CRFL6 Cryptantha flavoculata Roughseed cryptantha
ERAL4 Eriogonum alatum Winged buckwheat
ERPU2 Erigeron pumilus Shaggy fleabane
GUSA2 Gutierrezia sarothrae Broom snakeweed
HEVIM3 Heterotheca villosa var. minor Hairy false goldenaster
HYFI Hymenopappus filifolius Fineleaf hymenopappus
LEMO2 Lepidium montanum Mountain pepperweed

ARPU9 Aristida purpurea Purple threeawn
BOGR2 Bouteloua gracilis Blue grama
ELELB2 Elymus elymoides Squirreltail
HECOC8 Hesperostipa comata Needle and thread
PASM Pascopyrum smithii Western wheatgrass
PLJA Pleuraphis jamesii James' galleta
POFE Poa fendleriana Muttongrass
POSE Poa secunda Sandberg bluegrass
TRMU Tridens muticus Slim tridens

Annual grasses
BRTE Bromus tectorum Cheatgrass
VUOC Vulpia octoflora Sixweeks fescue
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