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Abstract

Understanding the effects of crop management practices on weed survival and seed production
is imperative in improving long-term weed management strategies, especially for herbicide-
resistant weed populations. Kochia [Bassia scoparia (L.) A.J. Scott] is an economically impor-
tant weed in western North American cropping systems for many reasons, including prolific
seed production and evolved resistance to numerous herbicide sites of action. Field studies were
conducted in 2014 in a total of four field sites inWyoming, Montana, and Nebraska to quantify
the impact of different crop canopies and herbicide applications on B. scoparia density and seed
production. Crops used in this study were spring wheat (Triticum aestivum L.), dry bean
(Phaseolus vulgaris L.), sugar beet (Beta vulgaris L.), and corn (Zea mays L.). Herbicide
treatments included either acetolactate synthase (ALS) inhibitors effective on non-resistant
B. scoparia or a non–ALS inhibiting herbicide effective for both ALS-resistant and ALS-
susceptible B. scoparia. Bassia scoparia density midseason was affected more by herbicide
choice than by crop canopy, whereas B. scoparia seed production per plant was affected more
by crop canopy compared with herbicide treatment. Our results suggest that crop canopy and
herbicide treatments were both influential on B. scoparia seed production per unit area, which is
likely a key indicator of long-termmanagement success for this annual weed species. The lowest
germinable seed production per unit area was observed in spring wheat treated with non–ALS
inhibiting herbicides, and the greatest germinable seed production was observed in sugar beet
treated with ALS-inhibiting herbicides. The combined effects of crop canopy and herbicide
treatment can minimize B. scoparia establishment and seed production.

Introduction

Kochia [Bassia scoparia (L.) A.J. Scott] is a summer annual weed in the Chenopodiaceae
(goosefoot) family commonly found throughout the United States (Forcella 1985; Friesen
et al. 2009). Throughout North America, B. scoparia is present in arid and semiarid regions
of disturbed sites and cropping systems (Friesen et al. 2009). Bassia scoparia has been docu-
mented to be problematic in many major crops grown in the Great Plains such as sugar beet
(Beta vulgaris L.), corn (Zea mays L.), and dry bean (Phaseolus vulgaris L.) (Blackshaw 1990;
Schweizer 1981; Weatherspoon and Schweizer 1970; Wilson et al. 1980). It is often one of
the first summer annual weed species to emerge in regions where it is naturalized, making it
a highly competitive species (Friesen et al. 2009). Bassia scoparia populations have been doc-
umented to begin emerging with as low as 151 accumulated growing degree days (GDD) and
have an emergence duration of 556 GDD when a base temperature of 0 C was selected for cal-
culating daily GDD (Kumar et al. 2018). In the Northern Great Plains, 151 GDD will typically
accumulate by early to mid-April (30-yr average of April 7 in Scottsbluff, NE, and April 12 in
Huntley, MT), with an additional 556 GDD accumulating by the end of May.

Seed persistence and dormancy in the soil is relatively short, with more than 95% of
B. scoparia seed not persisting for more than 2 yr (Dille et al. 2017). Bassia scoparia success
in cropping systems is also attributed to rapid growth and prolific seed production, which is
further augmented by evolved resistance to numerous herbicide sites of action (Derksen
et al. 2002; Evetts and Burnside 1972; Friesen et al. 1993; Heap and Duke 2018; Nussbaum
et al. 1985; Varanasi et al. 2015). Herbicide-resistant weed populations pose economic chal-
lenges to growers by rendering once efficacious herbicides useless (Dille et al. 2017). In
Wyoming, Nebraska, and Montana, B. scoparia populations have evolved resistance to
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photosystem II inhibitors, enzyme 5-enolpyruvylshikimate
3-phosphate synthase inhibitors, synthetic auxins, and acetolactate
synthase (ALS) inhibitors, with some populations exhibitingmulti-
ple resistance (Heap 2018; Varanasi et al. 2015).

Understanding the effects of crop management practices on
B. scoparia emergence, survival, and seed production is imperative
in improving long-term weed management strategies, especially
for herbicide-resistant weed populations (Walsh et al. 2018). To
better understand how B. scoparia emergence and crop manage-
ment are related, the impacts of crop canopy and herbicide use pat-
tern on weed seedling emergence, survival, and development need
to be examined. Light is commonly a limiting factor in developed
crop canopies, as a well-developed crop canopy blocks the neces-
sary stimuli for weed seed germination and seedling emergence
(Ballaré and Casal 2000; Rajcan and Swanton 2001). Crop canopies
associated with higher leaf area, height, and rapid development are
more proficient in inhibiting weed seedling emergence (Seavers and
Wright 1999). A study conducted in Kansas found that B. scoparia
plants grown in the absence of a surrounding plant canopy had
greater seed production than in the presence of a canopy, with
grain sorghum [Sorghum bicolor (L.) Moench] and corn inhibiting
B. scoparia seed production more than soybean [Glycine max (L.)
Merr.] and wheat (Triticum aestivum L.) stubble (Esser 2014).

Additional crop management practices such as planting and
harvest dates could also impact weed seedling emergence and
recruitment (Parish 1990). Growers commonly control weeds
before planting with tillage or preplant burndown herbicides,
which result in reduced competition with weeds as crops emerge
and mature (Heatherly and Hodges 1999; Price et al. 2002).
However, if a weed species has an extended emergence pattern
or emerges inmultiple flushes and grows tall quickly, then preplant
weed control will be less efficacious. Therefore, weeds will continue
to emerge after crop emergence and may have the ability to grow
above the crop canopy (Rajcan and Swanton 2001; Roberts and
Potter 1980; Schwinghamer and Van Acker 2008).

Herbicide use pattern has been extensively shown to impact the
evolution of herbicide-resistant weeds. Selection pressure caused
by using the same herbicide mechanism of action season after sea-
son results in the buildup of resistant weed species (Jasieniuk et al.
1996; Powles et al. 1996; Young 2006). Alternating herbicide chem-
istries through effective mixtures and, to a lesser extent, herbicide
rotation has been documented to reduce the buildup of herbicide-
resistant weed populations (Beckie and Reboud 2009; Evans et al.
2018; Norsworthy et al. 2012). Although all of these management
practices are often recommended for herbicide-resistant weed
management, to date there is little information available showing
how the combined effects of crop rotation, which includes diversity
in planting and harvest dates as well as diversity in crop canopy and
architecture, paired with herbicide use impact weed emergence and
seed production. Understanding how these practices impact weed
survival and fecundity is imperative to long-term management of
herbicide-resistant weed populations. Such findings could lead to
more proactive, long-term approaches to managing weeds while
minimizing grower dependence on herbicides. The objective of this
study was to quantify the impact of varying crop canopies and
ALS-inhibiting herbicide applications on B. scoparia density and
seed production under field conditions.

Materials and Methods

Field studies were conducted in 2014 at four different university
research sites where B. scoparia was known not to be a

management problem in order to ensure low initial density. Study
sites included the Sustainable Agriculture Research and Extension
Center (42.1°N, 104.4°W at 1,390-m elevation) located near Lingle,
WY; the Powell Research and Extension Center (44.8°N, 108.7°W
at 1,331-m elevation) in Powell, WY; the Panhandle Research and
Extension Center (41.9°N, 103.7°W at 1,199-m elevation) in
Scottsbluff, NE; and the Southern Agricultural Research Center
(45.9°N, 108.2°W at 914-m elevation) in Huntley, MT. Studies
were conducted on a Heldt silty clay (fine, smectitic, mesic
Ustertic Haplocambids) with 1.8% organic matter and a pH of
7.8, in Lingle, WY; Garland loam (fine-loamy over sandy or
sandy-skeletal, mixed, superactive, mesic Typic Haplargids), with
1.6% organic matter and a pH of 8.2 in Powell, WY; Tripp very fine
sandy loam (coarse-silty, mixed, superactive, mesic Aridic
Haplustolls) with 0.7% organic matter and a pH of 8.3, in
Scottsbluff, NE; and Lohmiller silty clay (fine, smectitic, calcareous,
mesic Torrertic Ustifluvents) with 2.8% organic matter and a pH of
8.1, in Huntley, MT. Bassia scoparia seed was collected from differ-
ent areas in Goshen County, WY, in fall of 2013. Six different seed
lots encompassing a variety of field histories were collected, from
which a 5% ALS-resistant seed blend was made (Supplementary
Table 1). To create the 5% resistant population used in the study,
we tested germination rate and ALS-resistant proportion from
each seed lot individually by counting the total number of emerged
B. scoparia from a subsample of each seed lot. Immediately after
counting emergence, each subsample was treated with chlorsul-
furon at 35 g ai ha−1. Approximately 10 d after treatment, the num-
ber of resistant B. scoparia was estimated by counting the number
of live B. scoparia within each subsample. These counts were used
to estimate the resistant proportion of seed within each lot. All lots
contained relatively low resistant proportions (<20%), with some
containing no detectable resistance. Lots were then mixed to create
the 5% ALS-resistant seed blend used at all four locations in the
study. Bassia scoparia was seeded at a rate of 2,000 g ha−1 to ensure
that approximately 8 germinable seeds m−2 were present across
each study site (40 germinable seeds g−1). A rotary hand spreader
was used to seed B. scoparia in each plot just before each crop was
planted. Thus, a uniform population of B. scoparia was used to
quantify its response to varying crop canopies and herbicide treat-
ments. Although sites were chosen tominimize existing B. scoparia
density, B. scoparia is common in the region and we could not
completely exclude preexisting B. scoparia from our study sites.

The experiment was arranged in a split-plot randomized com-
plete block design with four replicates. Crop treatments included
corn, dry bean, spring wheat, or sugar beet. Because this study was
part of a larger ongoing study, the number of plots for each crop
differed (Table 1). Each crop whole plot was split and treated
with either an ALS-inhibiting herbicide that effectively controls
ALS-susceptible B. scoparia or a non–ALS inhibiting herbicide
that is effective in controlling ALS-resistant and ALS-susceptible
B. scoparia (Table 2). All herbicides (ALS-inhibiting herbicides
and non–ALS inhibiting herbicides) were selected and applied
based on grower preference and practice throughout the region.
PPI herbicides were applied before planting in dry bean plots.
Herbicide treatments for spring wheat consisted of only one
POST herbicide application when B. scoparia reached approxi-
mately 3 cm in height. Corn and sugar beet were treated with two
POST herbicide applications (one early season when B. scoparia
was approximately 3-cm tall, and one at least 14 d later once addi-
tional B. scoparia emergence was observed or at the latest crop
stage allowed by the label). Acetochlor was added to the second
POST application in corn and sugar beet to help control other weed
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species that were present, namely redroot pigweed (Amaranthus
retroflexus L.) and hairy nightshade (Solanum physalifolium
Rusby). Acetochlor applied POST did not control any emerged
B. scoparia. Herbicide treatments for dry bean consisted of only
a PRE herbicide followed by one POST herbicide application.
EPTC was applied preplant in the ALS-inhibitor treatment at all
sites except Lingle to control other weed species; our previous
experience has shown that EPTC applied PRE is ineffective for
B. scoparia control.

Plot lengths were 15.2 m at all sites, but plot width varied by
location due to crop row spacing and equipment availability.
Split-plot widths were 6.1, 6.7, 3.4, and 3.7 m for Lingle, Powell,
Scottsbluff, and Huntley locations, respectively. Throughout the
season, plots were kept free of any weed species except B. scoparia
by regular hand weeding.

Bassia scoparia density data were recorded midway through
crop maturity (at least 14 d after the final herbicide applications

had been made) by sampling two random 1-m2 areas per plot and
counting the number of B. scoparia plants within them. Bassia
scoparia seed production per plant was estimated by placing up
to three pollination bags, per plant, on three different B. scoparia
plants per plot. Bags were placed on the B. scoparia plants as pol-
lination neared completion but before B. scoparia seed maturity,
both determined through field scouting. Bags were tied around
the stem to ensure no seed escape. Immediately before crop har-
vest, the percentage of each plant covered by pollination bags
was estimated. All seeds within the three pollination bags per
B. scoparia plant were then aggregated and weighed. A 5-g subsam-
ple of B. scoparia seed from each plant was removed, placed in a
paper envelope, and left to air-dry for approximately 2 mo to
mimic quiescence. Subsamples were then planted into 25 by
25 cm trays filled with approximately 2.5-cm-deep potting soil
in a greenhouse, where they were watered daily. Seedlings were
counted weekly and then removed for approximately 8 wk, and

Table 1. Cultural practices for establishing corn, dry bean, spring wheat, and sugar beet, and number of plots at four sites in Huntley, MT, Powell and
Lingle, WY, and Scottsbluff, NE, in 2014.

Crop Seeding rate Planting date range Harvest date range Number of plots per site

Corn 83,980 seed ha−1 May 5 to May 21 October 25 to November 27 54
Dry bean 160,550 seed ha−1 May 22 to June 4 September 17 to October 7 12
Spring wheat 112 kg seed ha−1 April 22 to April 29 August 25 to September 9 6
Sugar beet 172,900 seed ha−1 April 24 to May 19 September 23 to October 3 24

Table 2. Non–ALS inhibitor and ALS inhibitor–only herbicide treatments and rates used for corn, spring wheat, dry bean, and sugar beet at four sites in Huntley, MT,
Powell and Lingle, WY, and Scottsbluff, NE, in 2014.

Non–ALS inhibitor ALS inhibitor

Crop Treatment Rate Timinga Treatment Rate Timinga

Corn Dicambab 280 g ae ha−1 POST Thifensulfuron þ rimsulfuronc 19.6 g ai ha−1 POST
Glyphosated 1,260 g ae ha−1 COCe 2% v/v

UAN17 (28-0-0) 2.5% v/v
Acetochlorf 1,050 g ai ha−1 LAYBY Acetochlorf 1,050 g ai ha−1 LAYBY

Spring wheat Pyrasulfotole þ bromoxynilg POST Thifensulfuronh 35 g ai ha−1 POST
MCPA-esteri 280 g ae ha−1 NISj 0.25% v/v
Ammonium sulfate 1.9 g 100 ml−1 UANk (28-0-0) 2.5% v/v

Dry bean Pendimethalinl 1,330 g ai ha−1 PRE EPTCm 3,920 g ai ha−1 PPI
Bentazonn 1,120 g ai ha−1 POST Imazomoxo 35 g ai ha−1 POST
COCe 1% v/v NISj 0.25% v/v

UANk (28-0-0) 2.5% v/v
Sugar beet Glyphosated 1,260 g ae ha−1 POST Triflusulfuronp 35 g ai ha−1 POST

Ammonium sulfate 1.9 g 100 ml−1 COC16e 1% v/v
Acetochlorf 1,050 g ai ha−1 LAYBY Acetochlorf 1,050 g ai ha−1 LAYBY

aPOST applications in corn and sugar beet were applied twice, with the first application initiatedwhen Bassia scopariawas approximately 3-cm tall, and the second at least 14 d afterward. LAYBY
acetochlor was applied with the second POST application to control late-emerging weeds like Amaranthus retroflexus and Solanum physalifolium; this herbicide is not effective for controlling
emerged B. scoparia.
bDicamba, Clarity®, BASF, Research Triangle Park, NC.
cResolve Q®, DuPont, Wilmington, DE.
dGlyphosate, Roundup PowerMax®, Monsanto Company, St Louis, MO.
eCOC, crop oil concentrate, Prime Oil®, WinField United, Arden Hills, MN.
fWarrant®, Monsanto Company, St Louis, MO.
gHuskie®, Bayer CropScience, Research Triangle Park, NC.
hHarmony SG®, DuPont, Wilmington, DE.
iMCPA-ester®, WinField United, Arden Hills, MN.
jNIS, nonionic surfactant, Preference®, WinField United, Arden Hills, MN.
kUAN, urea ammonium nitrate.
lProwl H2O®, BASF, Research Triangle Park, NC.
mEPTC was incorporated with overhead irrigation; EPTC applied PPI was used to control weeds other than B. scoparia and was expected to provide little to no control of B. scoparia based on
previous experience. Eptam® 7E, Gowan Company, Yuma, AZ.
nBasagran®, BASF, Research Triangle Park, NC.
oRaptor®, BASF, Research Triangle Park, NC.
pUpBeet®, DuPont, Wilmington, DE.
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the cumulative number of emerged seedlings was totaled. The
number of germinable seeds per B. scoparia plant was then calcu-
lated using Equation 1:

Total number of seed germinated=ðsub sample seedweight=total seed sample weightÞ
estimated%plant coverage=100

[1]

Bassia scoparia seed production per square meter was then
calculated by multiplying the mean number of germinable seeds
per plant for each plot by the B. scoparia density per plot. The effect
of crop and herbicide treatment on B. scoparia density and seed
production were analyzed using a linear mixed-effects model
appropriate for count data and unbalanced design (Bates et al.
2015). For all response variables, the effect of site was considered
a random effect, and the effects of crop, herbicide, and crop by
herbicide interaction were considered fixed effects.

For all response variables, preliminary analysis suggested a log-
normal distribution, so a log transformation was used, first adding
half of the minimum value for each variable to each observation to
account for zeros in the data set. The contribution of crop and
herbicide treatments in explaining variance in each response
was quantified using mean squares from type III analysis of vari-
ance, using Satterthwaite’s method to estimate denominator
degrees of freedom (Kuznetsova et al. 2017). For significant fixed
effects, estimated marginal means (also sometimes called least-
squares means) were calculated using the EMMEANS package and
presented in the back-transformed, original scale (Lenth et al.

2018). Tukey-adjusted pairwise comparisons between treatments
were made at the α = 0.05 level and presented using the mean
separation algorithm proposed by Piepho (2004). All data were
analyzed using R statistical software v. 3.6.1 (R Core Team,
Vienna, Austria, https://www.R-project.org).

Results and Discussion

Bassia scoparia density, seed production per plant, and seed pro-
duction per square meter differed by location; however, overall
treatment trends were generally consistent throughout all four
locations of the study (Figure 1).

Bassia Scoparia Density

There was a significant herbicide by crop interaction for B. scoparia
density (Table 3). After accounting for the interaction, herbicide
had a greater effect on B. scoparia density compared with crop
choice, as type III mean squares were 13 times greater for herbicide
than crop. The non–ALS inhibiting herbicides, which controlled
both resistant and susceptible biotypes, resulted in less B. scoparia
density compared with the ALS-inhibiting herbicides alone in all
crops, although differences were only statistically significant at the
5% level in corn and sugar beet (Table 4). Within the less-effective
ALS-inhibiting herbicide treatment, dry bean and spring wheat had
significantly less B. scoparia density (180 to 329 plants ha−1) com-
pared with either corn (1,870 plants ha−1) or sugar beet
(1,740 plants ha−1). The lowest B. scoparia density in both herbicide
treatments was observed in spring wheat, suggesting this crop had

Figure 1. Distribution of Bassia scoparia density per square meter (A), seed production per plant (B), and seeds per square meter (C) as affected by crop in Huntley, MT, Powell
and Lingle, WY, and Scottsbluff, NE, in 2014.
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the greatest ability to suppress B. scoparia establishment. Even when
paired with the less-effective ALS-inhibiting herbicide treatment,
spring wheat resulted in B. scoparia density similar to the non–
ALS inhibiting herbicide treatments in all crops.

Bassia Scoparia Seed Production

There was a significant herbicide by crop interaction for B. scoparia
seed production per plant, and seed production per square meter
(Table 3). Variance in B. scoparia seed production per plant was
influenced more by crop (mean squares[df = 3, 121] = 31.35) com-
pared with herbicide (mean squares[df = 1, 122] = 14.78), indicating
crop selection is an important factor driving B. scoparia seed pro-
duction in plants that survive or escape herbicide treatment.

Bassia scoparia seed production was not observed in any rep-
licate at three of four locations where spring wheat was treated with
a non–ALS inhibiting herbicide (Table 4), and this treatment was
therefore excluded from the statistical analysis. A total lack of seed
production in nearly all plots across four experimental sites is a
notable result and suggests the combination of spring grains with
effective herbicides can be a powerful combination for B. scoparia

seedbank management. In treatments where B. scoparia seed pro-
duction was observed, seed production per plant was lowest in corn
treated with non–ALS inhibiting herbicides (225 seeds plant−1), or
spring wheat treated with ALS-inhibiting herbicides (952 seeds
plant−1). These differences are likely due, in part, to the relative
height of corn and wheat compared with other crops in the study.
The taller corn and spring wheat are relatively more competitive
for light compared with either dry bean or sugar beet
(Kasperbauer 1987; Seavers and Wright 1999; Smith et al. 1990).
It is also notable that spring wheat, which was the earliest harvested
crop, had the lowest B. scoparia seed production per plant within
both herbicide treatments. The early harvest date reduced the abil-
ity of B. scoparia to produce viable seed, as most of the B. scoparia
plants were still in the vegetative or early flowering stages at the
time of wheat harvest. Low B. scoparia seed production could also
be due to a dense spring wheat crop canopy, which has been shown
to suppress weed pressure (Weiner et al. 2001). Spring wheat was
one of the first crops planted in this study (throughout late April),
which is similar to the primary emergence window for B. scoparia
the region (Dille et al. 2017; Kumar et al. 2018; Schwinghamer and
Van Acker 2008). Because spring wheat was planted before or dur-
ing the peak emergence time for B. scoparia within the region, this
likely put B. scoparia at a disadvantage trying to emerge amongst
the densely seeded wheat crop, and likely contributed to low seed
production per B. scoparia plant. Sugar beet was planted shortly
after spring wheat, but allowed the greatest B. scoparia seed
production per plant. Sugar beet is a poor competitor against
B. scoparia (Mesbah et al. 1994; Weatherspoon and Schweizer
1971), in part due to slow early-season canopy development com-
pared with many other crops. In addition, sugar beet was harvested
well after B. scoparia had produced viable seed, so harvest opera-
tions had little impact on reducing seed production per plant.

Long-term reduction of weed seedbanks will require minimiz-
ing the seed produced per unit area, and this is most likely to be
obtained through a combination of reducing weed establishment
and minimizing viable seed production per plant. In this study,
the proportion of variance explained by the main effects of crop
and herbicide effects were more similar for B. scoparia seed pro-
duction per square meter compared with either B. scoparia density
or B. scoparia seed production per plant (Table 3), indicating
both management tools were influential in impacting germinable
B. scoparia seeds produced per unit area. Because no B. scoparia
seed production was observed in spring wheat treated with
non–ALS inhibiting herbicides, this treatment was once again
excluded from statistical analysis (Table 4). The non–ALS inhib-
iting herbicide reduced B. scoparia seed production per square
meter compared with the ALS-inhibiting herbicide in all crops
except dry bean. Among the less-effective ALS-inhibiting herbicide
treatment, sugar beet resulted in the greatest B. scoparia seed pro-
duction of nearly 4,000 seeds m−2, compared with the other three
crops, which resulted in 53 to 297 seeds m−2. Where non–ALS
inhibiting herbicides were used, corn and spring wheat again
resulted in the least B. scoparia seed production, at less than
11 seeds m−2.

For spring wheat, low seed production per unit area was due to
a combined effect of reduced B. scoparia density plus little to no
B. scoparia seed production among surviving plants. Early planting
and harvest dates combined with dense crop canopy make spring
wheat an effective crop choice for reducing B. scoparia seed pro-
duction compared with the other crops in this study. Spring
wheat was harvested in this study from August to early
September. Bassia scoparia has been observed to produce flowers

Table 3. ANOVA table showing fixed-effects mean squares and variance
components for Bassia scoparia density and seed production.

Response
variable

Source of
variation F-ratio P-value

B. scoparia
plants ha−1

Fixed effects: Mean squares (df)
Crop 8.48 (3, 121) 9.39 <0.001
Herbicide 116.66 (1, 122) 16.58 <0.001
Crop * herbicide 17.01 (2, 121) 8.47 <0.001
Random effects: Variance
Location 1.00
Residual 1.65

B. scoparia
seeds plant−1

Fixed effects: Mean squares (df)
Crop 31.35 (3, 121) 20.61 <0.001
Herbicide 14.78 (1, 122) 9.72 0.002
Crop * herbicide 11.97 (2, 121) 7.87 <0.001
Random effects: Variance
Location 1.48
Residual 1.52

B. scoparia
seeds m−2

Fixed effects: Mean squares (df)
Crop 28.33 (3, 121) 9.39 <0.001
Herbicide 50.03 (1, 122) 16.58 <0.001
Crop * herbicide 25.56 (2, 121) 8.47 <0.001
Random effects: Variance
Location 1.87
Residual 3.02

Table 4. Bassia scoparia density and seed production (estimated marginal
means) as affected by ALS-inhibiting herbicide treatment and crop at four
locations near Huntley, MT, Powell and Lingle, WY, and Scottsbluff, NE, in 2014.

Herbicide Crop B. scoparia

plants ha−1 seeds
plant−1

seeds m−2

ALS inhibitors Corn 1,870 da 1,480 n 297 y
Dry bean 329 c 2,660 n 173 y
Spring wheat 180 abc 952 mn 53.4 xy
Sugar beet 1,740 d 23,800 o 3,980 z

Non–ALS inhibitors Corn 61.8 ab 225 m 10.8 x
Dry bean 204 bc 5,330 n 310 y
Spring wheat 10.9 abc 0 0
Sugar beet 22.8 a 3,260 no 171 xy

aMeans within a response variable followed by the same letter are not statistically different
(Tukey-adjusted pairwise comparisons, α = 0.05).
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and set seed between mid-July and late September (Anderson and
Nielsen 1996; Mickelson et al. 2004). As stated by Mickelson et al.
(2004), because spring wheat is harvested between mid-July
and early August in this region, this could prevent seed set of
B. scoparia, eliminating the unwanted plant during harvest before
it is able to produce viable seed. Addition of an effective herbicide
treatment (the non–ALS inhibiting herbicides) further reduced
B. scoparia density and completely eliminated seed production
across all four sites. For corn, which also has a competitive crop
canopy, the impact of varying herbicide treatments was more evi-
dent. Implementation of an efficacious herbicide regime by using
non–ALS inhibiting herbicides resulted in nearly 26 times less
B. scoparia than treatment with ALS-inhibiting herbicides.

Dry bean and sugar beet typically contained more germinable
B. scoparia seed produced per square meter compared with spring
wheat. This could again be in part due to cropping practices. Both
of these crops were harvested between mid-September and early
October in this study. This time frame provided plenty of time
for the B. scoparia that emerged and survived herbicide treatments
within these plots to produce seed, considering it has been
observed to produce flowers and set seed betweenmid-July and late
September (Anderson and Nielsen 1996; Mickelson et al. 2004).

Sugar beet, unsurprisingly, allowed both high B. scoparia den-
sities to persist and high seed production, making it the least favor-
able crop with respect to B. scoparia competition. This is consistent
with grower experiences that B. scoparia is among the most
troublesome and difficult to control weeds in this crop
(Weatherspoon and Schweizer 1969, 1971). As was observed with
corn, herbicide regime greatly exacerbated B. scoparia seed pro-
duction per unit area in sugar beet, with approximately 23 times
more germinable B. scoparia seed per unit area being produced
when ALS-inhibiting herbicides were used compared with non–
ALS inhibiting herbicides.

Long-term weed seedbank management will likely require
implementing complementary practices that target different
phases of the weed life cycle. This work demonstrates how herbi-
cides and crop rotation interact to influence seed production in
B. scoparia. Seed production per unit area, arguably the most
important variable in determining the success of long-term weed
seedbank management, was influenced by the combined effect of
herbicides and crop selection. Herbicides primarily influenced the
survival of weeds during the germination and early vegetative
stages when the herbicide was applied and had a substantial impact
on weed density. Crop choice had a lesser effect on weed density,
but was the most important factor in influencing the amount of
seed produced per surviving plant due to competitive effects as well
as the timing of planting and harvest. This suppression of surviving
weed seed production is likely to be especially important at the
onset of herbicide-resistant weed evolution, when the herbicide
is ineffective and it is important to reduce the buildup of resistant
weed seed in the seedbank.

Improved knowledge of the combined effects of crop canopy
and herbicide treatment on B. scoparia will aid in long-term man-
agement of herbicide-resistant weed populations, which is a major
concern for growers in the Northern Great Plains and elsewhere.
The results of this research show that combined effects of crop can-
opy and herbicide treatment can minimize B. scoparia establish-
ment and seed production. Effective herbicides, when paired
with a poorly competitive crop like sugar beet, can still allow sub-
stantial seed production and, therefore, a net increase in the soil
weed seedbank. Conversely, even a relatively ineffective herbicide
program may be sufficient if crop competitiveness and harvest

dates are optimized, as was observed with spring wheat. Pairing
combinations of effective crop rotations with efficacious herbicides
will result in the best long-term weedmanagement, and identifying
the relative contributions of these management practices under
field conditions remains an important area of research.

These findings can be used to implement more proactive, long-
term approaches to managing B. scoparia, while minimizing
grower dependence on herbicide use. Therefore, future research
is needed to address how these management practices would
impact B. scoparia density, seed production, and evolution of her-
bicide resistance after multiple years of implementation and to
determine the economic feasibility of integrating cultural weed
control with herbicides within the Northern Great Plains.

Acknowledgments. This work was supported by the Controlling Weedy and
Invasive Plants program (award no. 2014-67013-21551, project accession no.
1000664), U.S. Department of Agriculture National Institute of Food and
Agriculture. Partial funding to support this work was also provided to the
University ofWyoming byMonsanto Company. Crop seed and herbicides were
provided by Monsanto Company to the University of Wyoming, University of
Nebraska, and Montana State University to support this research. University of
Wyoming, Montana State University, andUniversity of Nebraska receive grants
and gifts to support the research of ARK, PJ, and NCL from various herbicide
and seed companies with economic interests in the crops and herbicides used in
this research; however, these other funding sources were not involved in
this work.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wsc.2020.23

References

Anderson R, Nielsen D (1996) Emergence pattern of five weeds in the central
Great Plains. Weed Technol 10:744–749

Ballaré CL, Casal JJ (2000) Light signals perceived by crop andweed plants. Field
Crops Res 67:149–160

Bates D, Maechler M., Bolker B, Walker S (2015) Fitting linear mixed-effects
models unsing lme4. J Stat Softw 67:1–48

Beckie HJ, Reboud X (2009) Selecting for weed resistance: herbicide rotation
and mixture. Weed Technol 23:363–370

Blackshaw R (1990) Russian thistle (Salsola iberica) and kochia (Kochia
scoparia) control in dryland corn (Zea mays). Weed Technol 4:631–634

Derksen DA, Anderson RL, Blackshaw RE, Maxwell B (2002) Weed dynamics
and management strategies for cropping systems in the northern Great
Plains. Agron J 94:174–185

Dille JA, Stahlman PW, Du J, Geier PW, Riffel JD, Currie RS, Wilson RG,
Sbatella GM, Westra P, Kniss AR (2017) Kochia (Kochia scoparia) emer-
gence profiles and seed persistence across the Central Great Plains. Weed
Sci 65:614–625

Esser AR (2014) Maternal Environmental Factors Influencing Kochia (Kochia
scoparia) Seed Characteristics. MS thesis. Manhattan, KS: Kansas State
University. Pp 19–22

Evans JA, Williams A, Hager AG, Mirsky SB, Tranel PJ, Davis AS (2018)
Confronting herbicide resistance with cooperative management. Pest
Manag Sci 74:2424–2431

Evetts L, BurnsideO (1972) Germination and seedling development of common
milkweed and other species. Weed Sci 20:371–378

Forcella F (1985) Spread of kochia in the northwestern United States. Weeds
Today 25:181–191

Friesen LF, Beckie HJ, Warwick SI, Van Acker RC (2009) The biology of
Canadian weeds. 138. Kochia scoparia (L.) Schrad. Can J Plant Sci
89:141–167

Friesen LF, Morrison IN, Rashid A, Devine MD (1993) Response of a
chlorsulfuron-resistant biotype of Kochia scoparia to sulfonylurea and alter-
native herbicides. Weed Sci 41:100–106

Heap I (2018) The International Survey of Herbicide Resistant Weeds. www.
weedscience.org. Accessed: September 21, 2018

Weed Science 283

https://doi.org/10.1017/wsc.2020.23 Published online by Cambridge University Press

https://doi.org/10.1017/wsc.2020.23
https://www.weedscience.org
https://www.weedscience.org
https://doi.org/10.1017/wsc.2020.23


Heap I, Duke SO (2018) Overview of glyphosate-resistant weeds worldwide.
Pest Manag Sci 74:1040–1049

Heatherly LG, Hodges HF (1999) Soybean Production in the Midsouth. Boca
Raton, FL: CRC Press. Pp 93–102

JasieniukM, Brûlé-Babel AL,Morrison IN (1996) The evolution and genetics of
herbicide resistance in weeds. Weed Sci 176–193

Kasperbauer MJ (1987) Far-red light reflection from green leaves and effects on
phytochrome-mediated assimilate partitioning under field conditions. Plant
Physiol 85:350–354

Kumar V, Jha P, Dille JA, Stahlman PW (2018) Emergence dynamics of kochia
(Kochia scoparia) populations from the US Great Plains: a multi-site-year
study. Weed Sci 66:25–35

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) lmertest package: tests in
linear mixed effects models. J Stat Softw 82:1–26

Lenth R, Singmann H, Love J, Buerkner P, Herve M (2018) emmeans:
Estimating Marginal Means, aka Least-Square Means. R Package v. 1.14.4.
https://cran.r-project.org/web/packages/emmeans/emmeans.pdf. Accessed:
September 21, 2018

Mesbah A, Miller SD, Fornstrom KJ, Legg DE (1994) Kochia (Kochia scoparia)
and green foxtail (Setaria viridis) interference in sugarbeets (Beta vulgaris).
Weed Technol 8:754–759

Mickelson JA, Bussan AJ, Davis ES, Hulting AG, Dyer WE (2004) Postharvest
kochia (Kochia scoparia) management with herbicides in small grains. Weed
Technol 18:426–431

Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM,
Bradley KW, Frisvold G, Powles SB, Burgos NR (2012) Reducing the risks of
herbicide resistance: best management practices and recommendations.
Weed Sci 60:31–62

Nussbaum ES, Wiese AF, Crutchfield DE, Chenault EW, Lavake D (1985) The
effects of temperature and rainfall on emergence and growth of eight weeds.
Weed Sci 33:165–170

Parish S (1990) A review of non-chemical weed control techniques. Biol Agric
Hortic 7:117–137

Piepho HP (2004) An algorithm for a letter-based representation of all pairwise
comparisons. J Comput Graph Stat 13:456–466

Powles S, Preston C, Bryan I, Jutsum A (1996) Herbicide resistance: impact and
management. Adv Agron 58:57–93

Price AJ, Wilcut JW, Cranmer JR (2002) Flumioxazin preplant burndown weed
management in strip-tillage cotton (Gossypium hirsutum) planted into wheat
(Triticum aestivum). Weed Technol 16:762–767

Rajcan I, Swanton CJ (2001) Understanding maize–weed competition: resource
competition, light quality and the whole plant. Field Crops Res 71:139–150

Roberts HA, Potter M (1980) Emergence patterns of weed seedlings in relation
to cultivation and rainfall. Weed Res 20:377–386

Schweizer E (1981) Broadleaf weed interference in sugarbeets (Beta vulgaris).
Weed Sci 29:128–133

Schwinghamer TD, Van Acker RC (2008) Emergence timing and persistence of
kochia (Kochia scoparia). Weed Sci 56:37–41

Seavers G, Wright K (1999) Crop canopy development and structure influence
weed suppression. Weed Res 39:319–328

Smith H, Casal J, Jackson G (1990) Reflection signals and the perception by
phytochrome of the proximity of neighbouring vegetation. Plant Cell
Environ 13:73–78

Varanasi VK, Godar AS, Currie RS, Dille AJ, Thompson CR, Stahlman PW,
Jugulam M (2015) Field‐evolved resistance to four modes of action of her-
bicides in a single kochia (Kochia scoparia L. Schrad.) population. Pest
Manag Sci 71:1207–1212

Walsh MJ, Broster JC, Schwartz‐Lazaro LM, Norsworthy JK, Davis AS,
Tidemann BD, Beckie HJ, Lyon DJ, Soni N, Neve P (2018) Opportunities
and challenges for harvest weed seed control in global cropping systems.
Pest Manag Sci 74:2235–2245

Weatherspoon D, Schweizer E (1969) Competition between kochia and sugar-
beets. Weed Sci 17:464–467

Weatherspoon D, Schweizer E (1970) Control of kochia in sugarbeets with ben-
zadox. Weed Sci 18:183–185

Weatherspoon D, Schweizer E (1971) Competition between sugarbeets and five
densities of kochia. Weed Sci 19:125–128

Weiner J, Griepentrog HW, Kristensen L (2001) Suppression of weeds by spring
wheat Triticumaestivum increases with crop density and spatial uniformity.
J Appl Ecol 38:784–790

Wilson R, Wicks G, Fenster C (1980) Weed control in field beans (Phaseolus
vulgaris) in western Nebraska. Weed Sci 28:295–299

Young BG (2006) Changes in herbicide use patterns and production practices
resulting from glyphosate-resistant crops. Weed Technol 20:301–307

284 Mosqueda et al.: B. scoparia density and seedbank

https://doi.org/10.1017/wsc.2020.23 Published online by Cambridge University Press

https://cran.r-project.org/web/packages/emmeans/emmeans.pdf
https://doi.org/10.1017/wsc.2020.23

	Effect of crop canopy and herbicide application on kochia (Bassia scoparia) density and seed production
	Introduction
	Materials and Methods
	Results and Discussion
	Bassia Scoparia Density
	Bassia Scoparia Seed Production

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


