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Article history: Seeding native plants into degraded grasslands presents major challenges. Often, seeded species fail to establish
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mining fields dominated by exotic winter annual grasses (downy brome [Bromus tectorum L.] and Japanese
Accepted 1 June 2018

brome [Bromus arvensis L.], hereafter “annual bromes”). The main interest was restoring Wyoming big sagebrush
(Artemisia tridentata spp. wyomingensis [Beetle & A. Young] S.L. Welsh, hereafter “big sage”), a very difficult spe-
cies to restore to North American grasslands. We tested the nonselective herbicide glyphosate and the grass-spe-
cific herbicide quizalofop. The summer following herbicide applications and seeding, annual brome cover in
controls 22% (Clgsy, 13%, 36%) was significantly greater (P < 0.03) than in glyphosate 11% (Clgsy 5%, 25%) and
quizalofop 16% (Clgsy 7%, 35%) treatments. At Decker mine, glyphosate increased seeded big sage density (P <
0.04) from 0.76 (Clgsy 0.27, 2.11) to 3.05 (Clgsy 1.42, 6.56) plants - m™ the second summer after seeding. Corre-
sponding increases for Spring Creek mine were from 0.11 (Clgsy 0.03, 0.43) to 0.43 (Clgsy 0.13, 1.40) plants - m™
(P<0.04). These results were consistent across two experiments initiated in different years. In addition to big
sage, our study’s seed mixes contained native grasses and forbs, and herbicide treatments tended to promote es-
tablishment of these plant groups. In annual brome-dominated areas of the northern Great Plains, conditions
amenable to big sage seedling establishment do not appear entirely uncommon, and herbicides can increase
establishment.
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Introduction

Grassland ecosystems have become increasingly degraded (Knapp,
1996; Merritt and Dixon, 2011; O'Mara, 2012), and efforts to restore
these systems are underway in many parts of the World (Jones and
Schmitz, 2009; James et al., 2013). Grassland restoration typically in-
volves introducing grasses, forbs or shrubs from seed, and these seeding
efforts commonly fail (Carrick and Kriiger, 2007; Valladares and Gianoli,
2007; Josa et al., 2012). Shrubs have proven particularly difficult to re-
store (Kulpa et al., 2012; Schellenberg et al., 2012; Rinella et al,, 2015),
which is troubling given the important role shrubs play in grasslands.
Shrubs provide critical habitat for threatened and endangered species
(Knick et al., 2003; Rowland et al., 2006; Hess and Beck, 2012; Knick
et al., 2013) and forage for wildlife and livestock (Hubbard, 1957;
Ngugi et al., 1992; Shipley et al., 2006). In addition, in some systems,
shrubs stabilize soils to reduce desertification risks (e.g., Li et al., 2013;
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Linstddter and Baumann, 2013) and increase resistance to exotic plant
invasions (Prevéy et al., 2010).

Weed competition is believed to be a key factor preventing seeded
shrubs from surviving beyond the seedling stage. As such, several stud-
ies have evaluated herbicides as means for controlling weeds to increase
seeded shrub establishment. At least three of these studies have oc-
curred in Oregon and Utah in areas dominated by the non-native peren-
nial crested wheatgrass (Agropyron cristatum [L.] Gaertm). Controlling
crested wheatgrass with herbicides has generally not allowed shrubs
to establish (Fansler and Mangold, 2011; Davies et al., 2013; Cox and
Anderson, 2004). The one exception was Cox and Anderson (2004),
who found controlling crested wheatgrass with glyphosate in a rela-
tively wet year increased shrub density from about 0 to 2.5 seedlings -
m™2. However, when they repeated their experiment in a drier year,
shrubs failed to establish in both control or herbicide plots. In addition
to crested wheatgrass-dominated areas, there have also been efforts to
seed shrubs and other plants into areas dominated by invasive annual
grasses like downy brome and medusahead (Taeniatherum caput-medu-
sae [L.] Nevski). Herbicides have usually not aided seeded shrubs in
these studies (Cox and Anderson, 2004; Cox and Allen, 2008; Johnston
and Chapman, 2014; Brabec et al., 2015; Davies et al., 2015; Bell et al.,
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2016). Exceptions include Cione et al. (2002 ), who found controlling an-
nual grasses with fluazifop increased shrub densities from 0 to between
1 and 16 seedlings - m™2 (depending on shrub species) in California and
Johnson (2015), who found imazapic increased seeded shrub cover
from about 1% to 9% in Colorado.

One reason herbicides have not consistently aided shrubs is they
have not consistently suppressed target weeds (e.g., Cox and Anderson,
2004; Fansler and Mangold, 2011). However, shrubs have often failed to
establish in cases where herbicides reduced weed cover as much as 75%
to 90% (Cox and Allen, 2008; Johnston and Chapman, 2014; Bell et al.,
2016). In at least one case herbicide (i.e., imazapic) directly damaged
the shrubs (Johnston and Chapman, 2014), but in other cases factors un-
related to herbicides and weeds presumably prevented establishment,
such as unsuitable weather (Mangla et al., 2011), granivory (Suazo et
al.,, 2013), and soil crusting (Wood et al., 1982).

In this study, we tested whether controlling exotic “annual brome”
grasses [i.e., downy brome (Bromus tectorum L.) and Japanese brome
(Bromus arvensis L.)] with herbicides increased establishment of “big
sage” [i.e., Wyoming big sagebrush (Artemisia tridentata spp.
wyomingensis [Beetle & A. Young] S.L. Welsh)] in mixed grass prairie
of the northern Great Plains. When weed abundances are low, success-
ful shrub establishment is not uncommon in this system, particularly on
topsoil newly deposited after mining operations (Schuman et al,, 2012;
Rinella et al., 2016). This led us to believe herbicides might prove more
beneficial in this system compared to systems where shrubs usually fail
to establish even when weed abundances are low. In addition to big
sage, we tested herbicide effects on native grasses and forbs included
in our seed mixes.

Our annual brome-dominated sites supported scattered individuals
of native forb and shrub species, and we chose herbicide treatments
that posed minimal risk to these species. One treatment was the nonse-
lective herbicide glyphosate applied the fall before seeding when annual
brome seedlings had recently emerged but most forbs and shrubs were
dormant and hence unsusceptible to glyphosate. A second treatment
was quizalofop, an herbicide that controls grasses but not broadleaf
plants, applied in spring just prior to seeding when annual bromes
were at vegetative stages. Quizalofop damage to native grasses was
not a concern as they were nearly absent, but quizalofop was applied
when nonselective herbicides like glyphosate would have damaged ac-
tively growing forbs and shrubs. A third treatment combined the fall
glyphosate and spring quizalofop treatments, and a fourth treatment
was a no herbicide control. Because annual bromes were highly abun-
dant, we hypothesized establishment of big sage and other seeded spe-
cies would be negligible in no herbicide controls. We hypothesized the
glyphosate treatment and the quizalofop treatment would promote
seeded plant establishment by reducing annual brome competition. Fi-
nally, by targeting annual bromes twice, we hypothesized the treatment
that combined glyphosate and quizalofop would provide the greatest
suppression of annual bromes and greatest establishment of seeded
species.

Methods
Site Description

Sites were in the northern Great Plains, north of Decker, Montana, on
Spring Creek mine (45°12’N, 106°91’W) and Decker mine (45°06’N,
106°84'W), two surface coal mines separated by about 15 km. Topogra-
phy is rolling plains fragmented by drainages and rocky outcroppings.
Mean elevation and annual temperature, wind speed, and precipitation
are about 1070 m, 8.5 C, 11.5 km - hr!, and 350 mm. Vegetation of
nearby unmined areas is perennial grasses including blue grama
(Bouteloua gracilis [Willd. ex Kunth] Lag. ex Griffiths), prairie Junegrass
(Koeleria macrantha [Ledeb.] Schult.), alkali sacaton (Sporobolus airoides
[Torr.] Torr.), sideoats grama (Bouteloua curtipendula [Michx.] Torr.),
sand dropseed (Sporobolus cryptandrus [Torr.] A. Gray), sandberg

bluegrass (Poa secunda J. Presl), and western wheatgrass (Pascopyrum
smithii [Rydb.] A. Love). Forbs include western yarrow (Achillea
millefolium L. var. occidentalis DC), prairie coneflower (Ratibida
columnifera [Nutt.] Wooton & Standl.), white prairie clover (Dalea can-
dida Michx. ex Willd.), scarlet globemallow (Sphaeralcea coccinea
[Nutt.] Rydb.), prairie sagewort (Artemisia frigida Willd.), and
blacksamson echinacea (Echinacea angustifolia DC.). Shrubs include big
sage, winterfat (Krascheninnikovia lanata [Pursh] A. Meeuse & Smit),
and rubber rabbitbrush (Ericameria nauseosa [Pall. ex Pursh] G.L.
Nesom & Baird). After mining of the sites, topsoil was deposited on
top of subsoil and coarse, rocky material generated during the mining
process. Then, between 2009 and 2011, sites were seeded with native
grasses, forbs and shrubs, but few seeded plants established, and sites
became dominated by annual bromes.

Experimental Design

To increase chances of evaluating herbicide effects under conditions
conducive to shrub establishment, we repeated our experiment begin-
ning in two different years. The first experiment began fall 2014 (2014
Experiment), and the second experiment began fall 2015 (2015 Exper-
iment). Each experiment included six Decker and three Spring Creek
sites. At each site, 10 12 x 12 m plots were established (2 experiments
x 2 mines x 9 sites x 10 plots = 360 plots). In eight plots at each site,
a dense annual brome litter layer was removed to increase light avail-
ability and seed-soil contact and four herbicide treatments (glyphosate,
quizalofop, both herbicides, control) were factorially combined with
two big sage seed rates (3.4, 5.6 kg - ha™!) (Table 1). A ninth plot re-
ceived no treatment and a tenth plot received only litter removal.

Glyphosate (Roundup PRO, Monsanto at 0.877 L - ha™!) was applied
on 17 October 2014 (2014 Experiment) and from 13 October to 14 Oc-
tober 2015 (2015 Experiment) when annual bromes had recently
emerged and most native plants were dormant. Quizalofop (Assure I,
DuPont at 0.950 L - ha™') was applied from 24 April to 28 April 2015
(2014 Experiment) and on 4 April 2016 (2015 Experiment) when an-
nual bromes and some native plants had recently begun spring growth.
Although quizalofop is registered for use in noncrop areas, our study ap-
pears to be the first to use quizalofop to aid seeded shrub establishment,
though fluazifop, another grass-specific herbicide, has been tested for
this purpose in California annual grasslands (Cox and Allen, 2008; Bell
et al., 2016). Herbicides were mixed with water and applied with even
flat spray tips (TeeJet 8002E) on an all terrain vehicle-mounted sprayer
calibrated to deliver 128 liters - ha™'. A nonionic surfactant (Brewer 90-
10, Brewer International) was added at 0.25% v/v. Litter was removed 3
or more days after quizalofop applications (28 April 2015-18 May 2015
[2014 Experiment] and 7-14 April 2016 [2015 Experiment]) using a
chain harrow pulled by a tractor or by accidental burning at three
Decker sites on 28 April 2015.

Table 1
Pure live seed rates (kg - ha™') for experiments.
Functional group Species Spring Creek Decker
Cool-season Sandberg bluegrass 0.6 0
grasses Prairie junegrass 14 0
Warm-season Alkali sacaton 0.7 1.7
grasses Blue grama 1.1 1.1
Sideoats grama 0 22
Sand dropseed 0.6 1.7
Prairie coneflower 1.1 0
Scarlet globemallow 0.2 0.2
Western yarrow 0.3 0.3
Forbs Blacksamson
echinacea 0.5 0
White prairie clover 0 0.4
Prairie sagewort 0.3 0
Shrubs Big sage Mix 1: 34 Mix 2: 5.6 Mix 1: 3.4 Mix 2: 5.6
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Seeding occurred from 18 to 19 May 2015 (2014 Experiment) and 8
to 14 April 2016 (2015 Experiment). Big sage seeds sown at Decker and
Spring Creek were collected from wild populations in Utah and Wyo-
ming, respectively. Except for big sage seed rates, seeding treatments
differed somewhat between mines, though all seeded species are com-
mon to natural grasslands of our study region (Table 1). Seed was de-
posited on the soil surface with a Flex Il Seeder (Truax Company, Inc)
at Decker and a Sunflower Seeder (AGCO Corporation) at Spring Creek
using cracked corn and rice hulls as carriers.

Avyear after seeding the 2014 experiment (4 April 2016), half of each
plot formerly treated with glyphosate, quizalofop or glyphosate plus
quizalofop was retreated with quizalofop to further control annual
bromes using methods described above.

Vegetation Measurements

Within each plot half, four random points were permanently
marked. Prior to applying any treatments (6-7 October 2014 [2014 Ex-
periment] and 5-12 October 2015 [2015 Experiment]), annual brome
cover was visually estimated in circular frames (0.10 m?) at marked
points. Following initial herbicide treatments, litter removal and
seeding, cover by species and big sage density were estimated in circular
frames (0.25 m?) at marked points. Sampling occurred from 7 to 22 July
2015 (2014 Experiment) and 12 to 29 July 2016 (2014 and 2015
Experiments).

Data Analysis

Responses were natural log cover of annual bromes and non-native
annual forbs, big sage density, and cover of native seeded forbs and
grasses. Because 35% of seeded forb and 67% of seeded grass values
were 0, these data were analyzed with a nonparametric randomization
test (Hjorth, 1994). Other responses were analyzed with linear mixed-
effects models fit with R version 3.3.2 (R Core Team, 2016) using the
Ime4 (Bates et al., 2015), ImerTest (Kuznetsova et al., 2016), and
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Ismeans (Lenth, 2016) packages. For each response, we used the Akaike
Information Criterion (Akaike, 1998) to select among large sets of can-
didate models containing main effects, interactions, and covariates.

The annual brome cover model and the non-native annual forb
model had mine, experiment, mine by experiment, and herbicide treat-
ment as fixed effects, site and site by herbicide as random effects, and
pretreatment brome cover standardized to mean 0, standard deviation
1 as a covariate (see Appendix A for model details). Our Poisson
model for big sage density was the same except seeding (seeded versus
not) was included as a fixed effect, site by seeding was included as a ran-
dom effect and the brome cover covariate was excluded. The 2014 ex-
periment was measured a second growing season after seeding, and
these annual brome, annual forb, and big sage density data were ana-
lyzed with separate models having fixed effects for mine, herbicide,
and seeding and random effects for site, site by herbicide, and site by
seeding. In addition, to account for retreating half of each herbicide-
treated plot with quizalofop in spring of the second growing season,
the models included a fixed effect for quizalofop retreatment and a ran-
dom effect for plot.

Results

In both experiments, first growing season (1 April-31 August) pre-
cipitation exceeded the 30-year, 200-mm average, and this precipita-
tion did not vary widely between 2014 (250 mm) and 2015 (230
mm) experiments (National Oceanic and Atmospheric Administration
station within 10 km of sites, http://www.noaa.gov/). Consequently, an-
nual brome cover did not vary by experiment (P = 0.58), nor did it vary
by mine (Fig. 1; P = 0.54). The summer after seeding, annual brome
cover was 19% (Clgsy 14%, 28%) in the control, which was significantly
greater than in glyphosate 10% (Clgsy 7%, 14%), quizalofop 14% (Clgsy
10%, 21%), and glyphosate plus quizalofop 8% (Clgssy, 5%, 12%) treatments
(P < 0.04). In contrast with our hypothesis, glyphosate followed by
quizalofop was not more effective than glyphosate alone (P = 0.60).
No herbicide treatments affected annual bromes beyond the first

o

<
& O‘o’z’;'
¥

R
o
RS & R
A P X
v CHBN\S)
O? \\é\ \S\"
IO

Figure 1. Point estimates (dots, triangles) and 95% confidence intervals (bars) estimating annual brome cover the first summer after herbicide treatments at Decker and Spring Creek
mines. Results did not differ by mine or between experiments initiated 2014 and 2015. Within a summer, estimates with different letters significantly differ (P < 0.05).
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Figure 2. Point estimates (dots) and 95% confidence intervals (bars) estimating effect of retreating annual bromes with quizalofop a year after initial herbicide treatments. Results did not
differ between Decker and Spring Creek mines or between initial herbicide treatments. Estimates with different letters significantly differ (P < 0.05).

summer after application (Fig. 1). Retreating with quizalofop a year
after initial herbicide treatments reduced annual brome cover from
33% (Clgsy 24%, 45%) to 24% (Closy, 17%, 32%) (Fig. 2; P< 0.001). Seeding
did not impact cover of annual bromes and annual forbs (P> 0.54).

Controlling annual bromes often increased the non-native annual
forbs kochia (Kochia scoparia [L.]) and Russian thistle (Salsola tragus
[L.]) (Fig. 3). For example, the summer following application, glyphosate
increased non-native forb cover from 5% (Clgsy 4%, 6%) to 14% (Clgsy
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Figure 3. Point estimates (dots and triangles) and 95% confidence intervals (bars) estimating non-native annual forb (kochia and Russian thistle) cover the first and second summer after
herbicide applications at Decker and Spring Creek mines. Results did not differ between experiments initiated 2014 and 2015. Within mine and summer, estimates with different letters

significantly differ (P < 0.05).
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Figure 4. Point estimates (dots, triangles) and 95% Cls (bars) estimating big sage densities the first and second summer after seeding and herbicide treatments at Decker and Spring Creek
mines. Results did not differ between experiments initiated 2014 and 2015. Within mine and summer, estimates with different letters significantly differ (P < 0.05).

11%,19%) at Decker and from 8% (Clgsy 6%, 11%) to 24% (Clgsy 17%, 34%)
at Spring Creek (P < 0.001). Applying quizalofop a year after initial her-
bicide treatments did not further increase non-native forbs.

Big sage height was 1 to 7 cm and 1 to 15 c¢cm the first and second
summer after seeding, respectively. Big sage densities were greater at
Decker than Spring Creek (Fig. 4). In contrast with our hypothesis,
seeding increased big sage density even without herbicides: the summer
after seeding, seeding alone increased big sage density from 0.08 (Clgsy
0.03, 0.27) to 1.08 (Clgss 0.54, 2.19) plants - m™2 at Decker (P < 0.001)
and from 0.01 (Clgsg 0.00, 0.05) to 0.17 (Clgsy 0.06, 0.44) plants - m™
at Spring Creek (P < 0.001) (Fig. 5). In no case did quizalofop increase
big sage densities (Fig. 4). At Decker, glyphosate increased big sage den-
sity from 1.08 (Clgsy 0.54, 2.19) to 3.48 (Clysy 1.87, 6.48) plants - m~ and
from 0.76 (Clgsy 0.27,2.11) to 3.05 (Clgsy 1.42, 6.56) plants - m™ the first
and second summers after seeding, respectively (P < 0.04). Correspond-
ing increases for glyphosate at Spring Creek are from 0.17 (Clgsy 0.06,
0.44) t0 0.53 (Clgsy 0.22, 1.31) plants - m™ and from 0.11 (Clgsz 0.03,
0.43) to 0.43 (Clgsy 0.13, 1.40) plants - m2 (P< 0.04). Because glyphosate
alone and glyphosate followed by quizalofop similarly controlled annual
bromes, both treatments had similar effects on big sage density (P>
0.98). Increasing big sage seed rate from 3.4 to 5.6 kg - ha™! did not in-
crease big sage densities (P> 0.34).

Consistent with our hypothesis, seeding increased seeded forb cover
only when combined with herbicides (Fig. 5). At Decker, seeding com-
bined with any of the three herbicides treatments led to seeded forb
cover of 0.7% to 2.3%, which was significantly greater than the ~0.4% ob-
served without herbicides and seeding (P < 0.05). At Spring Creek, the
most effective treatment for establishing seeded forbs appeared to be
quizalofop in the 2014 experiment and glyphosate followed by
quizalofop in the 2015 experiment (Fig. 5).

In the 2014 experiment at Decker, it was clear by the 2nd growing
season after seeding that seeding increased grass cover (Fig. 6). Treat-
ment means for glyphosate (2.8%) and glyphosate followed by
quizalofop (2.6%) suggest these were the most effective treatments,
but these treatments were not significantly different than seeding with-
out herbicide (0.9%; P > 0.06). Likewise, in the 2015 experiment at

Decker, treatment means suggest glyphosate treatments were most ef-
fective, but differences between glyphosate treatments and seeding
without herbicide were again not significant (Fig. 6; P > 0.08). In the
2014 experiment at Spring Creek, seeded grasses did not establish. In
the 2015 experiment at Spring Creek, no seeded grasses were observed
without herbicide, and herbicide treatments provided seeded grass
cover of 0.03% to 0.08%. Reapplying quizalofop a year after original ap-
plications did not significantly increase seeded species cover (P> 0.19).

Discussion

Our finding that herbicides increased shrub seedling establishment
(Fig. 4) accords with a few studies (Cione et al., 2002; Cox and Anderson,
2004; Johnson, 2015) but conflicts with most studies (see Introduction).
Big sage established both seeding years (Fig. 4), suggesting the difference
between ours and most studies is our study environment is more consis-
tently conducive to shrub establishment. Supporting this hypothesis are
other studies of our coal mining environment conducted 200 to 250 km
to the southeast. Here, seeding generated big sage densities even greater
than ours: about 5 (Williams et al., 2002) and 12 seedlings - m™
(Schuman et al., 1998). However, in these studies and ours, seeding
year precipitation was above average, so instead of our system being
more consistently amenable to shrub establishment, studies of our sys-
tem may have spanned atypically favorable growing seasons. Yet, previ-
ous research at Decker and Spring Creek mines suggests shrub cover
declines with increasing first growing season precipitation because pre-
cipitation increases weed and grass competition (Rinella et al,, 2015), so
shrub densities might have been even greater had ours and other studies
spanned drier years. In any case, growing conditions allowing shrub es-
tablishment do not appear uncommon to our system, and this points to
arole for herbicides, because herbicides can increase shrub establishment
only in systems like ours where factors unrelated to weeds (e.g.,
granivory, disease, herbivory) do not consistently prevent establishment.

In addition to increasing big sage densities, glyphosate combined
with seeding tended to increase seeded forb cover at Decker and seeded
grass cover at both mines, except for the 2014 experiment at Spring
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Figure 5. Seeded forb cover at Decker and Spring Creek mines. Within mine and growing season, estimates with different letters significantly differ (P < 0.05).

Creek (Figs. 5 and 6). The finding that controlling grassland weeds with
herbicides increased seeded grasses is consistent with some studies
(e.g., Masters et al., 2001; Endress et al., 2012), though there are likely
just as many or more studies where herbicides have not increased
seeded grasses or forbs (e.g., Fansler and Mangold, 2011; Johnston,
2014). Although annual bromes remained dominant and perennial
grass cover remained low over our study, we believe perennial grasses
could gradually increase on our study sites. Long-term monitoring at
one of our study mines (i.e., Decker) has shown initially extremely
sparse stands of the perennial western wheatgrass (Pascopyrum smithii
[Rydb.] A. Love) can gradually increase and displace annual bromes
(Prodgers, 2013).

Controlling winter annual bromes with glyphosate in fall and/or
grass-specific herbicide in spring caused a flush of weedy summer an-
nual forbs (Fig. 3), but this is unlikely to persist beyond a few growing
seasons. Like herbicide use, topsoil placement is another disturbance
that causes dramatic increases in annual forbs on Decker and Spring
Creek mine, and the forbs become gradually displaced by seeded species
and/or annual bromes following topsoil placement (Prodgers, 2013).
Annual forb cover differences between herbicide and no herbicide treat-
ments shrank considerably over the study period (Fig. 3).

Big sage seedling densities did not vary between 3.4 and 5.6 kg - ha™!
seed rates. Likewise, Rinella et al. (2015) observed no relationship

between shrub seed rate and cover in a previous study at Decker and
Spring Creek. Alternatively, at a nearby coal mine, Williams et al.
(2002) found big sage densities increased as seed rates increased from
1to2to4kg- ha’l,indicating 1 and 2 kg - ha™! rates did not deliver
seed to all safe sites (Fowler, 1988). Conversely, our 3.4 kg - ha™ rate ap-
parently saturated safe sites.

Quizalofop applied just before seeding reduced annual bromes, but
not enough to aid big sage (Figs. 1 and 4). The same is true of quizalofop
applied a year after seeding (Fig. 2), but we nevertheless wonder if re-
peating herbicide treatments over multiple growing seasons could
allow big sage and other seeded species to survive and grow large
enough to suppress annual bromes. The challenge is designing treat-
ments to more completely control annual bromes and minimally dam-
age seeded species. Fall glyphosate is an option, but our data illustrate
this treatment is not without risks (Fig. 5, Spring Creek panel). Another
choice deserving testing is quizalofop or other grass-specific herbicides
applied in fall instead of our spring timing. Winter annual weeds are
smaller and sometimes better controlled by herbicides in fall than
spring (Hasty et al., 2004; Lake and Hager, 2009).

Alternatively, additional herbicide treatments may prove unneeded.
A common big sage density goal for our system is >1.0 plants - m™ 6
years after seeding (Schuman et al., 2005, Hild et al., 2006). Two sum-
mers after glyphosate and seeding, mean big sage densities were 3.05
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Figure 6. Seeded grass cover at Decker and Spring Creek mines. Within mine and growing season, estimates with different letters significantly differ (P < 0.05).

(Clgsy, 1.42, 6.56) and 0.43 (Clgsy 0.13, 1.40) plants - m™ at Decker and
Spring Creek, respectively, so our best treatment may meet this goal at
average Decker, and perhaps Spring Creek, sites. Big sage seeds can ger-
minate up to 4 years after seeding (Schuman et al., 1998), and this stag-
gered germination could allow densities to remain stable. In another
northern Great Plains coal mine study, seeded big sage densities did
not decline dramatically between 2 and 10 years after seeding (i.e.,
from 7.3 + 0.9 to 4.5 & 0.7 plants - m™), and surviving plants grew ap-
preciably (Hild et al., 2006; Schuman et al., 2012). This provides at least
some assurance our study’s seedlings may survive, grow, and eventually
reproduce.

Implications

While establishing big sage from seed has proven very difficult in
most North American grasslands, conditions allowing big sage estab-
lishment do not appear entirely uncommon in mixed grass prairie of
the northern Great Plains. Our study illustrates herbicides can be used
to increase big sage seedling survival in downy brome-infested parts
of this region, provided the herbicides sufficiently control downy
bromes without damaging big sage. More research is needed to deter-
mine if big sage seedlings can persist without repeated intervention in
our invaded grassland system or if additional herbicide use or other
management is needed to ensure survival, growth, and reproduction.
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Appendix A

First summer annual brome cover

Fixed effects Random effects

Variable Estimate SE df t p Variable  Variance
Intercept 3.090 0275 20.1 113 <0.001 Site 0.316
Site by
Glyphosate -0.683  0.153 65.8 -4.5 <0.001 herbicide 0.109
Quizalofop -0.323 0.149 654 -2.2 0.034 Residual 0.288
Glyphosate &
quizalofop -0.897 0.151 644 -5.9 <0.001

2015 Experiment ~ 0.200 0352 137 06 0.579

Spring Creek -0.274 0432 138 -06 0.535
Pre-treatment

brome cover 0.148 0.135 1534 1.1 0.274
2015 Experiment

by Spring Creek -0.626 0.639 164 -1.0 0.342
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Second summer annual brome cover

Fixed effects Random effects

Variable Estimate SE df t p Variable  Variance

Intercept 3.682 0.174 125 21.1 <0.001 Plot 0.005

Glyphosate 0.167 0.240 39.6 0.7 0491 Site 0.066
Site by

Quizalofop 0.114 0233 357 0.5 0.627 herbicide 0.289

Glyphosate &

quizalofop 0248 0.244 424 1.0 0316 Residual 0.162

Quizalofop

retreatment -0.340 0.080 21.7 -4.2 <0.001

Spring Creek -0.318 0.258 6.9 -1.2  0.258

Pre-treatment

brome cover 0.188 0.079 111.1 24 0.020

Model results assessing (natural log) annual brome cover. Bolded pre-
dictors are significant (p < 0.05). Terms were included for differences
between a control and three herbicide treatments (i.e. glyphosate,
quizalofop, glyphosate & quizalofop), between experiments initiated
2014 and 2015 (i.e. 2015 Experiment) and between Decker and Spring
Creek (i.e. Spring Creek).

First summer annual weed cover

Fixed effects Random effects

Variable Estimate SE df t p Variable  Variance

Intercept 1413 0.142 112.6 10.0 <0.001 Site 0.000
Site by

Glyphosate 1.078 0.169 844 64 <0.001 herbicide 0.237

Quizalofop 0453 0.164 828 2.8 0.007 Residual 0.177

Glyphosate &

quizalofop 1.163 0.168 824 69 <0.001

2015 Experiment  0.260 0.146 842 1.8 0.079

Spring Creek 0.425 0207 758 21 0.043

Pre-treatment

brome cover 0.048 0.077 149.7 0.6 0.535
2015 Experiment

by Spring Creek 0.212 0295 108.6 0.7 0474

Second summer annual weed cover

Fixed effects Random effects

Variable Estimate SE df t p Variable Variance

Intercept 1.779 0.173 9.3 10.3 <0.001 Plot 0.000

Glyphosate 0.774 0.191 357 4.1 <0.001 Site 0.108
Site by

Quizalofop 0224 0183 305 1.2 0.228 herbicide 0.136

Glyphosate &

quizalofop 0.667 0.195 385 34 0.001 Residual 0.139

Quizalofop

retreatment -0.003 0.076 72.1 0.0 0.966

Spring Creek 0.070 0315 6.5 0.2 0.831
Pre-treatment

brome cover -0.116 0.076 107.5 -1.5 0.130

Model results assessing (natural log) non-native forb cover. Bolded
predictors are significant (p < 0.05). Terms were included for differences
between a control and three herbicide treatments (i.e. glyphosate,
quizalofop, glyphosate & quizalofop), between experiments initiated
2014 and 2015 (i.e. 2015 Experiment) and between Decker and Spring
Creek (i.e. Spring Creek).

First summer Wyoming big sagebrush density

Fixed effects Random effects

Variable Estimate SE z p Variable Variance
Intercept -2.457 0.653 -3.8 <0.001 Site 0.615
Glyphosate 1.168 0.330 3.5 <0.001 Siteby 0.497

(continued)

First summer Wyoming big sagebrush density

Fixed effects Random effects

Variable Estimate SE z p Variable Variance
herbicide
Site by
Quizalofop 0.422 0342 12 0.216 seeding 0.100
Glyphosate &
quizalofop 1.181 0330 3.6 <0.001
Seeded 2564 0602 43 <0.001

2015 Experiment -0.054 0.529 -0.1 0918

Spring Creek -2313  0.707 -3.3 0.001
2015 Experiment by
Spring Creek 0.875 0993 09 0379

Second summer Wyoming big sagebrush density

Fixed effects Random effects

Variable Estimate SE z p Variable Variance
Intercept -1.933  0.715 -2.7 0.007 Plot 0.362
Glyphosate 1388 0434 3.2 0.001 Site 0.628
Site by

Quizalofop -0.115 0.473 -0.2 0.808 herbicide 0.000
Glyphosate & Site by

quizalofop 1.190 0437 2.7 0.006 seeding 0.059
Seeding 1.674 0728 2.3 0.022
Quizalofop

retreatment -0.027 0.246 -0.1 0.912
Spring Creek -1.970  0.685 -2.9 0.004

Model results assessing Wyoming big sagebrush density (plants m™).
Bolded predictors are significant (p < 0.05). Terms were included for dif-
ferences between a control and herbicide treatments (i.e. glyphosate,
quizalofop, glyphosate & quizalofop), between experiments initiated
2014 and 2015 (i.e. 2015 Experiment) and between Decker and Spring
Creek (i.e. Spring Creek).

References

Akaike, H., 1998. Information theory and an extension of the maximum likelihood princi-
ple. Selected papers of Hirotugu Akaike. Springer, New York, New York, U.S.A.,
pp. 199-213.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using Ime4. Journal of Statistical Software 67, 1-48.

Bell, C.E,, Allen, E.B., Weathers, K.A., McGiffen, M., 2016. Simple approaches to improve
restoration of coastal sage scrub habitat in southern California. Natural Areas Journal
36, 20-28.

Brabec, M.M., Germino, MJ., Shinneman, D.J,, Pilliod, D.S., Mcllroy, S.K, Arkle, RS., 2015.
Challenges of establishing big sagebrush (Artemisia tridentata) in rangeland restora-
tion: effects of herbicide, mowing, whole-community seeding, and sagebrush seed
sources. Rangeland Ecology & Management 68, 432-435.

Carrick, P., Kriiger, R., 2007. Restoring degraded landscapes in lowland Namaqualand: les-
sons from the mining experience and from regional ecological dynamics. Journal of
Arid Environments 70, 767-781.

Cione, N.K,, Padgett, P.E., Allen, E.B., 2002. Restoration of a native shrubland impacted by
exotic grasses, frequent fire, and nitrogen deposition in southern California. Restora-
tion Ecology 10, 376-384.

Cox, R.D., Allen, E.B., 2008. Stability of exotic annual grasses following restoration efforts
in southern California coastal sage scrub. Journal of Applied Ecology 45, 495-504.

Cox, RD., Anderson, VJ., 2004. Increasing native diversity of cheatgrass-dominated range-
land through assisted succession. Journal of Range Management 57, 203-210.

Davies, KW., Boyd, C.S., Nafus, A.M., 2013. Restoring the sagebrush component in crested
wheatgrass-dominated communities. Rangeland Ecology & Management 66,
472-478.

Davies, KW., Boyd, CS., Johnson, D.D., Nafus, A.M., Madsen, M.D., 2015. Success of seeding
native compared with introduced perennial vegetation for revegetating medusahead-
invaded sagebrush rangeland. Rangeland Ecology & Management 68, 224-230.

Endress, B.A,, Parks, C.G., Naylor, B,J., Radosevich, S.R., Porter, M., 2012. Grassland response
to herbicides and seeding of native grasses 6 years posttreatment. Invasive Plant Sci-
ence and Management 5, 311-316.

Fansler, V.A,, Mangold, J.M., 2011. Restoring native plants to crested wheatgrass stands.
Restoration Ecology 19, 16-23.

Fowler, N.L., 1988. What is a safe site?: neighbor, litter, germination date, and patch ef-
fects. Ecology 69, 94-961.

Hasty, R.F,, Sprague, C.L, Hager, A.G., 2004. Weed control with fall and early-preplant her-
bicide applications in no-till soybean. Weed Technology 18, 887-892.


http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0005
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0005
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0005
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0010
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0010
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0015
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0015
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0015
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0020
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0020
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0020
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0025
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0025
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0025
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0030
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0030
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0030
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0035
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0035
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0040
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0040
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0045
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0045
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0045
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0050
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0050
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0050
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0055
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0055
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0055
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0060
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0060
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0065
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0065
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0070
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0070

E.P. Metier et al. / Rangeland Ecology & Management 71 (2018) 705-713 713

Hess, J.E., Beck, ].L., 2012. Disturbance factors influencing greater sage-grouse lek aban-
donment in north-central Wyoming. The Journal of Wildlife Management 76,
1625-1634.

Hild, A.L.,, Schuman, G.E., Vicklund, L.E., Williams, M., 2006. Canopy growth and density
of wyoming big sagebrush sown with cool-season perennial grasses. Arid Land Re-
search and Management 20, 183-194.

Hjorth, ].S.U., 1994. Computer intensive statistical methods. Chapman & Hall, London.

Hubbard, R.L.,, 1957. The effects of plant competition on the growth and survival of bitter-
brush seedlings. Journal of Range Management 10, 135-137.

James, ]J., Sheley, R.L., Erickson, T., Rollins, K.S., Taylor, M.H., Dixon, KW., 2013. A systems
approach to restoring degraded drylands. Journal of Applied Ecology 50, 730-739.

Johnson, D.B., 2015. Downy brome (Bromus tectorum) control for pipeline restoration. In-
vasive Plant Science and Management 8, 181-192.

Johnston, D.B., 2014. Downy brome (Bromus tectorum) control for pipeline restoration. In-
vasive Plant Science and Management 8, 181-192.

Johnston, D.B., Chapman, P.L.,, 2014. Rough surface and high-forb seed mix promotes eco-
logical restoration of simulated well pads. Invasive Plant Science and Management 7,
408-424.

Jones, H.P., Schmitz, O.]., 2009. Rapid recovery of damaged ecosystems. PLoS ONE 4,
e5653.

Josa, R,, Jorba, M., Vallejo, V.R., 2012. Opencast mine restoration in a Mediterranean semi-
arid environment: failure of some common practices. Ecological Engineering 42,
183-191.

Knapp, P.A., 1996. Cheatgrass (Bromus tectorum L.) dominance in the Great Basin desert.
Global Environmental Change 6, 37-52.

Knick, S.T., Dobkin, D.S., Rotenberry, ].T., Schroeder, M.A., Vander Haegen, W.M., van Riper,
C., 2003. Teetering on the edge or too late? Conservation and research issues for avi-
fauna of sagebrush habitats. The Condor 105, 611-634.

Knick, S.T., Hanser, S.E., Preston, K.L., 2013. Modeling ecological minimum requirements
for distribution of greater sage-grouse leks: implications for population connectivity
across their western range, U.S.A. Ecology and Evolution 3, 1539-1551.

Kulpa, S.M,, Leger, E.A,, Espeland, E.K., Goergen, E.M., 2012. Postfire seeding and plant
community recovery in the Great Basin. Rangeland Ecology & Management 65,
171-181.

Kuznetsova, A., Brockhoff, P.B., Christensen, RH., 2016. LmerTest package: tests in linear
mixed effects models. Journal of Statistical Software 82, 1-26.

Lake, ].T., Hager, A.G., 2009. Herbicide selection and application timing for control of
Cressleaf Groundsel (Packera glabella). Weed Technology 23, 221-224.

Lenth, R.V,, 2016. Least-squares means: the R package Ismeans. 2016 (69), 33.

Li, S.L, Yu, EH., Werger, MJ.A,, Dong, M., Ramula, S., Zuidema, P.A., 2013. Understanding
the effects of a new grazing policy: the impact of seasonal grazing on shrub demog-
raphy in the Inner Mongolian steppe. Journal of Applied Ecology 50, 1377-1386.

Linstddter, A., Baumann, G., 2013. Abiotic and biotic recovery pathways of arid
rangelands: lessons from the High Atlas Mountains, Morocco. Catena 103, 3-15.

Mangla, S., Sheley, R.L, James, ] J., Radosevich, S.R.,, 2011. Role of competition in restoring
resource poor arid systems dominated by invasive grasses. Journal of Arid Environ-
ments 75, 487-493.

Masters, R.A., Beran, D.D., Gaussoin, R.E., 2001. Restoring tallgrass prairie species mixtures
on leafy spurge-infested rangeland. Journal of Range Management 54, 362-3609.

Merritt, D.J., Dixon, KW., 2011. Restoration seed banks-A matter of scale. Science 332,
424-425,

Ngugi, K.R., Powell, J., Hinds, F.C,, Olson, R.A., 1992. Range animal diet composition in
southcentral Wyoming. Journal of Range Management 45, 542-545.

O'Mara, F.P.,, 2012. The role of grasslands in food security and climate change. Annals of
Botany 110, 1263-1270.

Prevéy, J.S., Germino, M.J., Huntly, NJ., Inouye, R.S., 2010. Exotic plants increase and native
plants decrease with loss of foundation species in sagebrush steppe. Plant Ecology
207,39-51.

Prodgers, R., 2013. Case study: fitness more than diversity guides vegetational recovery.
Journal of the American Society of Mining and Reclamation 2, 113-141.

R Core Team, 2016. R: a language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria Retrieved from https://www.r-pro-
jectorg/.

Rinella, M.J., Hammond, D.H., Bryant, A.M., Kozar, BJ., 2015. High precipitation and seeded
species competition reduce seeded shrub establishment during dryland restoration.
Ecological Applications 25, 1044-1053.

Rinella, M.J., Espeland, E.K., Moffatt, B,J., 2016. Studying long-term, large-scale grassland
restoration outcomes to improve seeding methods and reveal knowledge gaps. Jour-
nal of Applied Ecology 53, 1565-1574.

Rowland, M.M., Wisdom, M.J., Suring, L.H., Meinke, C.W., 2006. Greater sage-grouse as an
umbrella species for sagebrush-associated vertebrates. Biological Conservation 129,
323-335.

Schellenberg, M.P., Biligetu, B., Iwaasa, A.D., 2012. Species dynamic, forage yield, and nu-
tritive value of seeded native plant mixtures following grazing. Canadian Journal of
Plant Science 92, 699-706.

Schuman, G.E., Booth, D.T., Cockrell, J.R., 1998. Cultural methods for establishing Wyo-
ming big sagebrush on mined lands. Journal of Range Management 51, 223-230.
Schuman, G.E., Vicklund, L.E., Belden, S.E., 2005. Establishing Artemisia tridentata ssp.
wyomingensis on mined lands: science and economics. Arid Land Research and Man-

agement 19, 353-362.

Schuman, G.E., Mortenson, M.C., Vicklund, L.E., 2012. Effects of Wyoming big sagebrush
seeding rate and grass competition on long-term density and canopy volume of big
sagebrush and wildlife habitat. Journal of the American Society of Mining and Recla-
mation 1, 44-55.

Shipley, LA, Davila, T.B., Thines, NJ., Elias, B.A., 2006. Nutritional requirements and diet
choices of the pygmy rabbit (Brachylagus idahoensis): a sagebrush specialist. Journal
of Chemical Ecology 32, 2455-2474.

Suazo, A.A., Craig, DJ., Vanier, CH., Abella, S.R., 2013. Seed removal patterns in burned and
unburned desert habitats: implications for ecological restoration. Journal of Arid En-
vironments 88, 165-174.

Valladares, F., Gianoli, E., 2007. How much ecology do we need to know to restore Med-
iterranean ecosystems? Restoration Ecology 15, 363-368.

Williams, M.L, Schuman, G.E., Hild, A.L,, Vicklund, L.E., 2002. Wyoming big sagebrush den-
sity: effects of seeding rates and grass competition. Restoration Ecology 10, 385-391.

Wood, M.K., Eckert Jr., R.E., Blackburn, W.H., Peterson, F.F., 1982. Influence of
crusting soil surfaces on emergence and establishment of crested wheatgrass,
squirreltail, Thurber needlegrass, and fourwing saltbush. Journal of Range Man-
agement 35, 327-330.


http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0075
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0075
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0075
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0080
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0080
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0080
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0085
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0090
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0090
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0095
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0095
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0100
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0100
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0105
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0105
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0110
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0110
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0110
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0115
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0115
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0120
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0120
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0120
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0125
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0125
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0130
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0130
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0135
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0135
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0135
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0140
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0140
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0140
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0145
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0145
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0150
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0150
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0155
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0160
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0160
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0160
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0165
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0165
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0170
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0170
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0170
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0175
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0175
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0180
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0180
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0185
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0185
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0190
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0190
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0195
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0195
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0195
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0200
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0200
https://www.r-project.org/
https://www.r-project.org/
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0210
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0210
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0210
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0215
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0215
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0215
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0220
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0220
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0220
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0225
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0225
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0225
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0230
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0230
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0235
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0235
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0235
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0240
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0240
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0240
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0240
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0245
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0245
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0245
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0250
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0250
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0250
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0255
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0255
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0260
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0260
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0265
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0265
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0265
http://refhub.elsevier.com/S1550-7424(18)30170-2/rf0265

	Establishing Wyoming Big Sagebrush in Annual Brome-�Invaded Landscapes with Seeding and Herbicides
	Introduction
	Methods
	Site Description
	Experimental Design
	Vegetation Measurements
	Data Analysis

	Results
	Discussion
	Implications

	Acknowledgments
	Appendix A
	References


