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Abstract

1. Annual grass invasion is transforming the western United States and driving a need

for restoration techniques that can both reduce exotic annual grass abundance and

allow revegetation of native species. Pre-emergent herbicides can provide control of

annual grasses, but when applied concurrently with direct seeding efforts, the herbi-

cide can also impact seeded species. Indaziflam is a relatively new herbicide that may

provide extended control of exotic annual grasses, but little is known about its effects

when applied at the time of seeding.

2. In this study, we compared indaziflam to imazapic, a popular herbicide used in

restoration efforts, to understand how indaziflam affects plant establishment of a

native species, bluebunch wheatgrass Pseudoroegneria spicata (Pursh) Á. Löve. We cre-

ated furrows on half our treatments to limit herbicide concentrations and potentially

create a safe-site for seeding bluebunchwheatgrass.

3. During the 2-year study, indaziflam provided consistent control of the annual weed,

downy brome Bromus tectorum L., whereas imazapic control decreased sharply with

time. Indaziflam and imazapic decreased bluebunch wheatgrass seedling emergence

by 96% and 46%, and 2-year plant density by 91% and 65%, respectively, compared

to non-herbicide treatments. Both herbicides reduced aboveground biomass of blue-

bunchwheatgrass by over 85% 2 years after seeding/herbicide application.

4. Furrow treatmentsmitigated imazapic’s effect on bluebunchwheatgrass, but did not

limit the impacts by indaziflam.

5. Herbicide can be used in conjunction with direct seeding efforts, but mitigation of

the effects to native seeds will depend on herbicide specifics such as mode of action

and soil mobility.
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1 INTRODUCTION

Arid and semi-arid ecosystems comprise over one third of earth’s ter-

restrial surface (Schlesinger et al., 1990), with many facing threat of

exotic annual grass invasion (Brooks et al., 2004;D’Antonio&Vitousek,

1992). Annual grass invasionsoften lead todecreasedplant andwildlife

diversity through competition for soil moisture, accelerated fire cycles,

and altered soil nutrient cycling (Bishop et al., 2019; Ehlert, 2019;

Kerns & Day, 2017; Knapp, 1996; Peters & Bunting, 1994). The sage-

brush steppe is an arid/semi-arid ecosystem in the United States vul-

nerable to invasion due to historic overgrazing (D’Antonio & Vitousek,

1992), altered fire regimes (Knapp, 1996), and fluctuations in precip-

itation patterns (Bradley & Mustard, 2005; Chambers et al., 2007;

Davis et al., 2000). Invasion by annual grasses has transformed native

plant communities in the semi-arid and arid systems such as the sage-

brush steppe (Boyte et al., 2016; Chambers et al., 2007; Corbin &

D’Antonio, 2004; Knapp, 1996). One prominent plant invader, downy

brome Bromus tectorum L., is estimated to now cover more than 21

million hectares in the western United States, with an estimated 14%

annual rate of spread (Bradley et al., 2018; Duncan & Clark, 2005).

Innovative restoration techniques are needed to restore native vege-

tation to landscapes now dominated by invasive annual grasses.

Controlling invasive annual grasses proves vital to restoring native

plant species, as invasives such as downy brome often outcompete

native species after disturbance (St. Clair & Bishop, 2019) and quickly

monopolize the seedbank, leaving a reduced opportunity for native

species to re-establish (Humphrey&Schupp, 2001). Pre-emergent her-

bicides are commonly used to reduce downy brome abundance (Man-

gold et al., 2013), but when applied concurrently with seeding, this

treatment can negatively impact the establishment of native shrubs

(Owen, Sieg, & Gehring, 2011) and perennial grasses (Shinn & Thill,

2004). However, when herbicide effects are limited to the invasive

annual grasses, herbicide can improve native plant establishment by

reducing competition for resources (Eckert, 1974; Sheley, Carpinelli, &

Morghan, 2007).

Seedbed preparation such as furrows could potentially mitigate

harmful herbicide effects on native species (Eckert, Asher, Christensen,

& Evans, 1974). If herbicide effect is lowered for non-target species,

it could allow restoration seedings in systems that also need control

of invasives. Usually, invasive plant control and seeding efforts occur

as two events separated by many months or years, diminishing the

opportunity to establish native plants in the environment with lowest

invasive competition that occurs during active control efforts (Madsen,

Davies, Mummey, & Svejcar, 2014). Furrows are a common practice in

agriculture that improvewater availability andmay also have potential

to limit exposureof non-target species toherbicide (Eckert et al., 1974).

Creating a furrow after herbicide application side-sweeps surface soil

that has been sprayed with herbicide, producing a potential safe site

with low herbicide concentrations for desirable seeded species (Eck-

ert, 1974). Furrows may also bury weed seed within the area where

seeds are planted. Subsequently, this treatment may provide protec-

tion to seeded species without reducing weed control efficacy by

herbicides.

Incorporating herbicide with direct seeding will require attention

to specific attributes and mechanisms of the herbicide used. Imazapic

is currently one of the most commonly used herbicides for invasive

annual grass control on rangelands (Mangold et al., 2013). Imazapic

kills plants by inhibiting activity of the enzyme acetohydroxy acid

synthase (AHAS or ALS), an enzyme that is responsible for biosynthe-

sis of the branched chain amino acids isoleucine, valine and leucine

(Umbarger, 1978). Inhibiting ALS effectively starves the plant of these

essential amino acids and is the herbicide’s mode of action (Tranel &

Wright, 2002).While imazapic provides strong control for 1 year, there

is some evidence that it has limited soil residual activity, which results

in inferior long-term control of invasive annual weeds (Sebastian et al.,

2017a).

Short-term downy brome control poses a problem of re-invasion

(Morris, Monaco, & Rigby, 2009). Long-term control is needed to

decrease competition for young native plants that have been seeded

and rely on spring soil moisture to survive summer heat and water

stress (Melgoza, Nowak, & Tausch, 1990; Mulligan, Kirkman, &

Mitchell, 2002). A new herbicide with pre-emergent action called

indaziflam is now being tested for controlling annual grasses (Sebas-

tian et al. 2017a). Indaziflam is an alkylazine herbicide that controls

annual invasive grasses by inhibiting cellulose biosynthesis in suscep-

tible species (Brabham et al., 2014). This herbicide has been shown

to control downy brome up to 3 years after application (Sebastian,

Sebastian, Nissen, & Beck, 2016b). Indaziflam’s extended control is

largely due to low soil mobility (Koc = 497 mL/g OC) (Alonso, Koski-

nen, Oliveira, Constantin, & Mislankar, 2011; Jhala & Singh, 2012) and

a longer soil half-life (>150 days) than many other pre-emergent her-

bicides, including imazapic (Koc = 112 mL/g OC, soil half-life = 27–54

days) (Ulbrich, Souza, & Shaner, 2005).

Successful seeding efforts are commonly associatedwith high emer-

gence, survival and growth of seeded species. Herbicides with pre-

emergent activity can have different effects on each of these plant

growth stages (Sebastian et al., 2017a, Shinn & Thill, 2004). Imaza-

pic and indaziflam differ in their soil mobility, persistence, and mode

of action, which may affect plant growth stages differently. It remains

unknown if these differencesmake these herbicidesmore or less prob-

lematic for non-target injury to native species used in direct seeding

efforts.

Some studies have compared invasive annual grass control by her-

bicide (Applestein, Germino, & Fisk, 2018; Clements, Harmon, Blank,

& Weltz, 2017; Elseroad & Rudd, 2011; Sebastian, Nissen, Sebastian,

Meiman, & Beck, 2017b), but few have examined potential ways to

control invasive annual grasses while simultaneously allowing seeding

of native species that are also susceptible to herbicide (Clark, Sebas-

tian, Nissen, & Sebastian, 2020; Eckert et al., 1974). Here we study

two herbicides that differ in mode of action, soil persistence, and soil

mobility to identify potential strategies that control invasive grasses

without harming native species seeded for restoration. Our first objec-

tive was to compare how these herbicides control downy brome. Our

second objective was to understand how indaziflam and imazapic

differentially affect a commonly seeded restoration species in the sage-

brush steppe, bluebunch wheatgrass Pseudoroegneria spicata (Pursh) Á.
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TABLE 1 Description of study sites detailing topography, climate, and soil properties of top 20 cm.MAT=mean annual temperature (30 yr.
avg.) MAP=mean annual precipitation (30 yr. avg.) CEC= cation exchange capacity. Parentheses values represent percentage of 30 year mean
precipitation

Site Kious Lehman Provo

Slope 6% 9% 8%

Elevation (m) 2069 2041 1448

Aspect East Southeast West

MAT (◦C) 8.95 9.33 11.4

MAP (mm) 344.5 307.2 485.4

Lat (◦N) 39.0130 38.9774 40.2479

Long (◦W) 114.2154 114.1885 111.6340

2018 Precipitation (mm) 254 (64%) 236 (76%) 286 (59%)

2019Precipitation (mm) 394 (114%) 356 (115%) 659 (135%)

Soil type Sandy loam Sandy loam Loam

Soil pH 5.75 6.51 7.34

Soil organic matter (%) 0.0180 3.0000 4.3000

Soil classification Loamy-skeletal, mixed,

superactive, frigid

Aridic Argixerolls

Loamy-skeletal, mixed,

superactive, mesic

Aridic Argixerolls

Loamy-skeletal, mixed,

superactive, mesic

Pachic Calcixeroll

Cation exchange capacity (meq/100 g) 9.75 6.09 12.7

ppmNO3-N 5.40 1.50 2.20

Löve. The herbicide’s effect on bluebunch wheatgrass was assessed

by measuring changes to seedling emergence, as well as plant density

and aboveground biomass of established plants 2 years after planting.

The third objective of this study was to determine if we could simulta-

neously reduce downy brome densities with herbicide while protect-

ing our seeded species, bluebunch wheatgrass. We hypothesized that

(1) indaziflam would provide superior downy brome control over a 2-

year period based on results from other studies; (2) indaziflam would

be more lethal to bluebunch wheatgrass than imazapic due to its low

soil mobility and longer soil half-life; (3) the side sweep action of fur-

row creation would reduce herbicide effects by indaziflam on blue-

bunch wheatgrass more than imazapic due to indaziflam’s lower soil

mobility.

2 MATERIALS AND METHODS

2.1 Study sites

This studywas conducted at three sites in the sagebrush steppe during

2017–2019. Two sites were located in the boundaries of Great Basin

National Park, Nevada, USA, and the third site is located in Provo,

Utah, USA. Sites varied in slope, elevation, soil characteristics and

invasion extent (Table 1). Elevation between sites was 1448 m at the

Provo site (Utah), 2013 m at Lehman flats site (Nevada), and 2135 m

at the Kious Basin site (Nevada). Soils types across sites varied from

stoney sandy loam (Lehman flats), to gravelly sandy loam (Kious basin)

and gravelly loam (Provo). Downy brome comprised 40–80% relative

herbaceous canopy cover at all sites. Vegetation at the Nevada sites

was dominated by downy brome, but also contained several native

species: Elymus elymoides Nutt., Artemesia, tridentate spp., Pinus mono-

phyla Torr. & Frem., Gutierrezia sarothrae Pursh, and Purshia tridentate

Pursh. Vegetation at theProvo site did not contain any abundant native

species and consisted largely of downy brome and Aegilops cylindrica

Host. Precipitation at the sites in 2018 consisted of an average spring

(93–136% prcp. of 30 yr. avg.) and a dry summer (62–102% prcp. of

30 yr. avg.). In 2019 the precipitation consisted of a very wet spring

(160–178% prcp. of 30 yr. avg.) and dry summer (46–51% prcp. of

30 yr. avg.) (DAYMET gridded climate dataset) (Thornton et al., 2014).

2.2 Experimental design

Research plots were installed between 30 October 2017 and 5

November 2017. We tested establishment and growth of bluebunch

wheatgrass in response to herbicide treatment using a 3 × 2 full

factorial design. We had three herbicide treatments: imazapic, indaz-

iflam, and no herbicide, accompanied by two post-herbicide planting

methods: planting within a furrow and planting without a furrow.

We created five replicate blocks, with each block was split into three

sub-blocks, one treated with imazapic, one treated with indaziflam

and one receiving no herbicide (Figure 1). Spatial arrangement of

sub-block was randomized within each block. Immediately following

herbicide applications, numbered markers were placed to designate

rows for seeding. Furrows were created in half of the rows within each

sub-block, and seedswere planted in both furrowed and non-furrowed

rows. Each combination of seed and furrow (seed only, seed + furrow,

furrow only and no seed or furrow) was replicated three times as
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F IGURE 1 Experimental design of one study block

side-by-side rows in each herbicide treatment (sub-block) (Figure 1).

Each sub-block measured 4.2 m long and 1 m wide. Within each block,

the three sub-blocks were spaced 1.5 m apart to isolate herbicide

effects and produced blocks that measured 15m long× 1mwide.

2.3 Herbicide application

Herbicide treatments were applied as follows: no herbicide treatment

(control), a mixture of imazapic and glyphosate at respective rates of

3.66 and 8.77mL per 100m2 (350 and 840 a.e. per ha) and amixture of

indaziflam and glyphosate at the rates of 3.66 and 8.77 mL per 100m2

(350 and 840 a.e. per ha). Application rates were determined by label

recommendations for downy brome control. Despite glyphosate being

a part of both imazapic and indaziflam mixtures, they will be referred

to as imazapic and indaziflam in the remainder of the study for sim-

plicity and because they are the herbicideswith pre-emergent capabili-

ties that affect germination of the seedednative species.Herbicidewas

applied using a calibrated electric backpack sprayer that maintained a

flow rate 1.9 L/min (model number: 63985, Chapin, Batavia, NY, USA).

We used a single poly fan nozzle at an 80◦ angle. Herbicide was mixed

to exceed the minimum carrier rate (minimum quantity of herbicide

mixture per area) of 9 mL/m2, being applied at a rate of 68 mL/m2.

Application was made using 15 s walks through each sub-block that

was timedby a second researcher. A herbicidemixturewas determined

to deliver the correct rate of herbicide given the area of the sub-block,

and the flow rate of the backpack sprayer. The flow rate was verified in

the lab and the field using 15 s sprays into volumetric flasks. Herbicide

application occurred on days with little to no wind, abundant sun and

daily maximum temperatures exceeding 15–20◦C.

2.4 Furrows and planting

Furrows were created immediately following herbicide application.

Furrows were 15 cm deep from soil surface and 35 cmwide. The depth

and width were chosen based on the furrow creation capabilities

on large-scale seedings with drill seeders using cultivator sweeps.

Soil was excavated from the furrow with a garden hoe, placing the

soil removed from the furrow in mounds between rows in efforts to

replicate furrows created by cultivator sweeps in restoration settings.

All rows (furrowed and non-furrowed) were spaced 35 cm apart and

1.2m long. Bluebunchwheatgrass seedswere hand planted in the rows

1 cm below the soil surface (control) and coveredwith soil surrounding

the seed (treated with herbicide) or covered in the bottom of the

furrow with 1 cm of soil from the bottom of the furrow (untouched

by herbicide). The seeding rate was doubled to account for harsh soil

conditions as recommended by the USDA plant guide for bluebunch

wheatgrass. Seeding occurred at all sites between 30 October 2017

and 5 November 2017 at a rate of 131 pure live seed per metre. Seeds

were of the Anatone variety and were purchased from a commercial

seed supplier (Granite Seed, Lehi, UT, USA) that obtained them from

easternWashington.

2.5 Plant measurements

Bluebunch wheatgrass seedling emergence was characterized at the

end of April 2018 by individually counting all live seedlings in each row

of the entire plot. Bluebunch wheatgrass aboveground biomass was

sampled and dried in lateAugust 2019, 2 years after the initial planting.

Biomass samples were collected by clipping all aboveground biomass

at ground level. Downy brome cover was measured visually during the

last week ofMay 2018 andMay 2019. The bluebunchwheatgrass den-

sitywas counted simultaneously asbiomasswasdestructively sampled.

Both bluebunch wheatgrass plant density and aboveground biomass

were sampled once, 2 years after planting. All bluebunch wheatgrass

sampling was done on the centre row of three side-by-side replicate

rows to limit edge effect.

Downybromecover estimatesweremadevisually to thenearest 1%

using a circular metal hoop (Bonham, Mergen, & Montoya, 2004). The

hoop usedwas 1m in diameter and placed over three side-by-side rows

of the same treatment. The percentage of total ground area occupied

by downy bromewithin the hoopwas estimated visually using the total

hoop area to the nearest percentage. These hoops were placed in the

same position during both years of the study. Downy brome cover val-

ues were estimated for each treatment (four per sub-block) averaged

to the sub-block level such that each herbicide treatment had one sta-

tistical repetition at the block level.

2.6 Statistical methods

We used a mixed model linear regression for analysis of bluebunch

wheatgrass and downy brome responses in our study. All analyses

were done in R version 3.4.2 (R Core Team, 2019). Response variables
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for bluebunch wheatgrass were emergence (counts), plant density

(plants per m2) and total aboveground biomass (g/m2). Fixed variables

for each bluebunch wheatgrass model were herbicide type (imazapic,

indaziflam, no herbicide), furrows and their interaction (furrow ×

imazapic, furrow × indaziflam). Random variables for all of the models

were site and block, with block nested within site. Bluebunch wheat-

grass plant density and emergence were both analysed using a Poisson

error distribution with a log link function. Aboveground biomass was

analysed using a normal distribution with a log transformation of the

response variable. Data from all models met model assumptions for

homogeneity of variance. Data from the Provo site includes only data

for bluebunchwheatgrass seedling emergence anddownybromecover

due to harsh drought conditions that killed all seedlings and resulted

in no bluebunchwheatgrass plants in any sub-block after 2 years.

Response variables for downy brome were first- and second-year

canopy cover. Herbicide type was the only fixed effect with three lev-

els (imazapic, indaziflam and no herbicide). Random effects for downy

brome analysis include block and site with block nested within site.

Pairwise comparisons of the bluebunch wheatgrass responses were

done using amixed linearmodel with a Tukey–Kramer adjustment. The

model used the categorical treatments (no herbicide or furrow, imaza-

pic, indaziflam, no herbicide with furrow, imazapic with furrow, indaz-

iflam with furrow) as the fixed effects. Random effects were site and

block, with block nested within site. Pairwise comparisons for downy

brome were done exactly as the bluebunch pairwise comparisons, but

the fixed effects were the three herbicide treatments.

3 RESULTS

3.1 Downy brome control

Imazapic and indaziflam reduced downy brome cover by 88% (to 4%

cover) and 70% (to 10% cover) (p < 0.001) compared to non-herbicide

control plots after 1 year (Figure 2). Despite imazapic providing

stronger control than indaziflam in the first year, indaziflam provided

superior control by year two (spring 2019) (Figure 2). Indaziflam

maintained 70% downy brome control throughout the 2-year period

(p < 0.001), whereas imazapic downy brome control decreased from

88% control in the first year, to only 20% in the second year (p = 0.11)

(Figure 2).

3.2 Bluebunch wheatgrass emergence

Imazapic and indaziflam application decreased bluebunch wheatgrass

seedling emergence 46% and 96% compared to non-herbicide plots

(p < 0.001) (Figure 3(a), Table 2). In non-herbicide plots, furrow treat-

ments increased bluebunch wheatgrass emergence 32% (p < 0.001)

compared to non-furrow treatments. Furrows reduced negative

imazapic effects on bluebunch wheatgrass emergence such that

seedling emergence observed in the imazapic + furrow treatments

was the sameas non-herbicide plots (p=0.99) (Figure 3). This is further

F IGURE 2 Absolute cover percentages of downy brome Bromus
tectorum after a 2017 fall application of two pre-emergent herbicides
(imazapic and indaziflam) and no herbicide at three sites in the
sagebrush steppe. Letters indicate significant (p< 0.1) difference with
comparisonsmade across other herbicide treatments of both years

F IGURE 3 Seedling emergence (%) of bluebunch wheatgrass
Pseudoroegneria spicatawhen planted in different herbicide-treated
areas (imazapic, indaziflam and no herbicide) without furrows (a) and
with furrows (b) at three sites in the sagebrush steppe. Letters indicate
significant (p< 0.1) difference with comparisonsmade across all
treatments (non-furrow and furrow)

indicated by the significant interaction between imazapic and furrow

treatments (Table 2). In contrast, furrows did not protect bluebunch

wheatgrass seeds from indaziflam, resulting in low seedling emergence

that was unchanged with furrow treatments (Figure 3). Indaziflam

also negated the positive furrow effect seen in non-herbicide plots as

indicated by the negative indaziflam by furrow interaction coefficient

(Table 2).

3.3 Bluebunch wheatgrass plant density

Imazapic and indaziflam reduced bluebunch wheatgrass plant den-

sity 65% and 91% compared to non-herbicide controls (p < 0.001)

(Figure 4(a), Table 2). Furrow treatments did not affect plant den-

sity in non-herbicide treatments (Table 2). Furrow treatments
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TABLE 2 Summary of statistical regressions for all response variables. Mean and standard error values represent themean of individual
treatments for each response variable. Data comprises 2 years of data at three sites in the sagebrush steppe system. Degrees of freedom are
excluded from our seedling emergence and plant density data due to the nature of mixedmodel regression with a Poisson error distribution

Downy brome (B. tectorum)

Estimate Standard error DF T value Pr(> |t|)

First year cover (%) Intercept (no herbicide) 5.50 0.59 3 9.29 0.004

Imazapic −3.93 0.41 40 −9.79 3.50E−12

Indaziflam −2.41 0.41 40 −6.01 4.60E−07

Second year cover (%) Intercept (no herbicide) 6.15 0.45 9 13.75 1.40E−07

Imazapic −0.94 0.58 40 −1.62 0.11

Indaziflam −3.36 0.58 40 −5.81 8.70E−07

Bluebunchwheatgrass (P. spicata)

Estimate Standard error DF ZValue Pr(> |z|)

Seedling emergence (#) Intercept (seed only) 3.09 0.16 – 19.16 2.00E−16

Imazapic −0.68 0.09 – −7.47 8.00E−14

Indaziflam −1.66 0.13 – −12.53 2.00E−16

Furrow 0.42 0.07 – 6.14 8.10E−10

Imazapic× Furrow 0.75 0.11 – 6.89 5.50E−12

Indaziflam× Furrow −0.38 0.18 – −2.06 0.04

Estimate Standard error DF ZValue Pr(> |z|)

Plant density (plants/mš) Intercept (seed only) 1.43 0.16 – 8.94 2.00E−16

Imazapic −0.91 0.29 – −3.15 0.001

Indaziflam −1.34 0.34 – −3.96 7.57E−05

Furrow −0.01 0.22 – 0.01 0.999

Imazapic× Furrow 0.63 0.37 – 1.71 0.088

Indaziflam×Furrow −0.45 0.53 – -0.85 0.394

Estimate Standard error DF TValue Pr(> |t|)

Aboveground Biomass (g) Intercept (SeedOnly) 1.15 0.25 54 4.66 2.13E−05

Imazapic −0.87 0.35 54 −2.49 0.016

Indaziflam −0.77 0.35 54 −2.21 0.031

Furrow −0.06 0.35 54 −0.16 0.875

Imazapic×Furrow 1.32 0.49 54 2.67 0.01

Indaziflam× Furrow −0.05 0.49 54 −0.11 0.915

mitigated the imazapic herbicide effect on bluebunch wheatgrass

plant density, producing similar densities as non-herbicide treat-

ments (Figure 4(b)). Furrows did not mitigate indaziflam herbicide

effects on bluebunch wheatgrass plant density, resulting in similar

low seedling emergence as indaziflam treatments without a furrow

(Figure 4).

3.4 Bluebunch wheatgrass biomass

Imazapic and indaziflam herbicide treatments reduced bluebunch

wheatgrass aboveground biomass by over 98% after two growing sea-

sons when planted without a furrow (p < 0.001) (Figure 5(a), Table 2).

In the absence of herbicide, furrows did not significantly affect above-

ground biomass of bluebunch wheatgrass compared to non-furrowed

rows (Table 2). In herbicide applications, however, furrows mitigated

the negative imazapic effects on aboveground growth, as indicated

by the imazapic by furrow interaction. Furrow treatments within

imazapic-treated plots produced 14-fold more aboveground biomass

than non-furrow treatments in imazapic-treated plots (p < 0.001)

(Figure 5, Table 2). Furrows in indaziflam treatments did not protect

plants, as indicated by the lack of an interaction between indaziflam

and furrow, resulting in very little aboveground biomass (Figure 5,

Table 2).
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F IGURE 4 Average plant density (plants/m2) of Pseudoroegneria
spicata (bluebunch wheatgrass) after 2 years when planted in different
herbicide-treated areas (imazapic, indaziflam, and no herbicide)
without furrows (a) andwith furrows (b) at two sites in the sagebrush
steppe. Letters indicate significant (p< 0.1) differences with
comparisonsmade across all treatments (non-furrow and furrow)

F IGURE 5 Aboveground biomass (g/m2) of Pseudoroegneria spicata
(bluebunchwheatgrass) after 2 years growthwhen planted in
different herbicide-treated areas (imazapic, indaziflam, and no
herbicide) without furrows (a) andwith furrows (b) at two sites in the
sagebrush steppe. Letters indicate significant (p< 0.1) differences
with comparisonsmade across all treatments (non-furrow and furrow)

4 DISCUSSION

Herbicide treatments had large effects on bluebunch wheatgrass

and downy brome, which differed depending on herbicide type

(Figure 3). Our results support our first hypothesis that indaziflam

would provide better downy brome control 2 years after application,

despite stronger control by imazapic in the first year. Our results par-

tially support our second hypothesis. Without a furrow treatment,

imazapic was less detrimental to bluebunch wheatgrass plant density

than indaziflam (Figure 4 (a), but both imazapic and indaziflam applica-

tions resulted in similar bluebunch wheatgrass aboveground biomass

(Figure 5(a). Our data do not support our third hypothesis, creating a

furrow to limit herbicide effect on our planted seedwasmore effective

with imazapic and showed no benefit when usedwith indaziflam.

4.1 Herbicide effects on downy brome

Reinvasion of areas treated with imazapic occurred quickly, with

downy brome recovering 2 years after the initial application (Figure 2).

Imazapic is a strong control agent immediately following application,

but due tohigher soilmobility anda shorter soil half-life itmaynot com-

pletely control downy brome 1–2 years after application (Sebastian,

Nissen, & De Souza Rodrigues, 2016a). We anticipate that reinvasion

happened more quickly in our study system than it would in a large-

scale imazapic application in post-fire conditions. Our herbicide treat-

ments were only applied to the area where seed was planted, allowing

large downy brome stands to grow at the edge of the herbicide-treated

rows. This resulted in high propagule pressure, a major factor in inva-

sion rates (Chambers et al., 2016; St. Clair & Bishop, 2019). In a large-

scale application, high invasive propagule pressure occurs mostly near

edges, whereas our small plots experienced pressure across the entire

herbicide-treated area.

Indaziflam provided better long-term downy brome control than

imazapic (Figure 2). As briefly described above, indaziflam has mod-

erate to low mobility (Alonso et al., 2011) and readily persists in soil

(Jhala & Singh, 2012). Comparatively, indaziflam has a longer half-life

in soil than imazapic (>75 days) along with a significant residual activ-

ity that likely extends the duration of weed control (De Barreda, Reed,

Yu, &Mccullough, 2013).With low soil mobility and high residual activ-

ity, indaziflam iswell equipped toprovide several yearsof downybrome

control, a species that has high seed production (Hempy-Mayer&Pyke,

2008).

4.2 Herbicide effects on bluebunch wheatgrass

Both herbicides reduced bluebunch wheatgrass aboveground biomass

similarly after 2 years of growth in areaswithout furrows (Figure5), but

imazapic was less detrimental to plant density and seedling emergence

than indaziflam (Figures 3 and 4). The reason imazapic was equally

detrimental to aboveground growth compared to indaziflam, while

being less detrimental to plant density and seedling emergence than

indaziflam may be due to their different control mechanisms. Indazi-

flam reduces growth by inhibiting cellulose synthesis (Brabham et al.,

2014), whereas imazapic kills by inhibiting synthesis of branched-chain

amino acids (Tranel &Wright, 2002).Many seeds treatedwith imazapic

emerged and survived but did not grow into large plants.We anticipate

thatmany of the seeds survived the negative effects of imazapic (inhib-

ited amino acid synthesis), but that the legacy effects from hindered

early growth resulted in smaller plants after 2 years. Beyond reducing

seedling emergence of the seeded species, herbicide legacy effects of

imazapic and indaziflam applications may also affect perennial bunch-

grass seeds in the native seedbank.

4.3 Furrow effects

Furrow treatments improved emergence dramatically (Figure 3) in

non-herbicide treatments, but the growtheffect did not persist into the
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second year (Figures 4 and 5). High emergence of bluebunch wheat-

grassmay have led to increased intra-specific competition and resulted

in reduced plant growth. A meta-analysis showed that intraspecific

competition in grasses is four- to fivefold stronger than interspecific

competition (Adler et al., 2018), though interspecific competition could

also have reduced bluebunch wheatgrass growth due to fast reinva-

sion rates of downy brome in the imazapic sub-blocks and within non-

herbicide sub-blocks. Also, furrows can slough in over time, potentially

burying small seedlings.

Furrow treatments reduced herbicide effect on all stages of blue-

bunch wheatgrass growth in imazapic treatments but provided no

protection in indaziflam treatments (Figures 3–5). We anticipate

this difference is either due to (1) bluebunch wheatgrass physiology

being more sensitive to indaziflam than imazapic or (2) the difference

in soil mobility between the two herbicides is making the furrow

treatment less effective in herbicide removal for indaziflam. The first

possible explanation is supported by our emergence data outside of

furrows, where indaziflam application resulted in less than 1% seedling

emergence whereas imazapic application produced 8% emergence

(Figure 3). In a study comparing the effects of indaziflam to imazapic,

indaziflam caused higher invasive seed mortality than imazapic at the

same rate (Sebastian et al., 2017a), but no study to date compares the

effects of indaziflam to imazapic when seeding occurs simultaneously

with herbicide application. One explanation of their different lethality

towards invasives (and potentially seeded species) is the different

mode of action each herbicide uses to kill plants. Herbicides inhibiting

amino acid synthesis, such as imazapic, are slow to show visible injury

to plants (Devlin & Cunningham, 1970). The mode of action of indaz-

iflam, however, can act very quickly (Brabham et al., 2014). The com-

plexity of cellulose biosynthesis makes it vulnerable to attack by indaz-

iflam andmay havemore immediate negative effects than imazapic.

The second explanation that differing soil mobility of the two her-

bicides interact differently with the furrow is conceptually possible,

where the two herbicides vary largely in their soil mobility. Herbicide

with less soil mobility may affect seeds as the furrows sluff in over

time, or more mobile herbicides could move to the soil surrounding

the seed due to leaching after precipitation. Indaziflam is much less

mobile than imazapic, largely due to lower water solubility (2.8 mg/L)

and higher adsorption into organic matter than is seen with imazapic

(Alonso et al., 2011; Sebastian et al., 2017a). Imazapic does not move

much laterally but does leach vertically (De Souza, Ferreira, Da Silva,

Ruiz, & Prates, 2000), so the vertical movement of imazapic away from

the furrow may isolate furrow bottoms from the leaching pathway of

imazapic. Whereas indaziflam, being less mobile, may persist in the

upper soil longer (Perry,McElroy, Doroh, &Walker, 2011), leaching less

than imazapic, and affect the seeds as the furrows sluff over time from

wind andwater erosion.

4.4 Implications and recommendations

Hereweshowthatpre-emergentherbicidemayhaveaplace in restora-

tion seeding efforts. If pre-emergent herbicide injury can be limited

to target species, invasive annual competition on seeded species is

reduced to produce larger plants of seeded species at early growth

stages. In general, restoration efforts including pre-emergent herbi-

cides are challenging; the characteristics of indaziflam that lead to

longer downy brome control than imazapic, also make it difficult to

reduce injury to species seeded concurrently with herbicide efforts. In

contrast, imazapic injury to seeded species can be limited, but downy

brome control is short, resulting in eventual reinvasion.

Our results suggest that indaziflam applications strongly limit

restoration of a native species (or potentially a native bunchgrass

seedbank), and that it is likely best suited for control of invasive

annual grasses alone. Sebastian et al. (2017) showed that indaziflam

application to sites with mature native vegetation increased native

species growth and provided three or more years of annual grass

control. Imazapic can be used in restoration seeding efforts as long

as measures are taken to limit seed exposure to the herbicide. To

achieve long-term annual invasive grass control on restoration seed-

ing sites, imazapic application alone will not suffice. One potential

option is to apply imazapic prior to seeding, plant in a furrow made

after herbicide application and then apply indaziflam 2 years later.

Another option would be to wait (2–5 years) until the indaziflam

activity level has decreased, and then seed native species. One study

showed success seeding in the fall following a spring application of

indaziflam (Clark et al., 2020). Both approaches could potentially lead

to restoration seeding success, and long-term invasive annual grass

control, but waiting to seed several years after herbicide application

could potentially result in large areas of bare ground and eventual

erosion on sloped or high wind areas. Our results show compar-

ative effects of indaziflam and imazapic at sites that contain soils

that are often found in the sagebrush steppe system, but herbicide

mobility and persistence could vary when applications take place

on soils with different organic matter, texture, annual rainfall and

pH.
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