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ABSTRACT 

Kochia [Bassia scoparia (L.) A. J. Scott] is one of the most troublesome weeds in 
the US Great Plains. This is exacerbated by the development of herbicide-resistant kochia 
populations which necessitates more ecologically driven approaches for its control. This 
research examined the competitive effects of four crops (sugar beet, soybean, barley and 
corn) in combination with kochia densities (3, 13, 24, 47, 94 and 188 plants m-2) on kochia 
development and kochia seed production.  Corn had greatest effect in reducing kochia 
biomass and seed production.  Barley had greatest effect in delaying kochia flowering 
which happened after barley senesced at 113 days after kochia emergence.  Soybean and 
sugar beet had the least effect in reducing kochia biomass and seed production, 
respectively, relative to fallow. This research also reports the fitness of glyphosate-
resistant kochia and dicamba-resistant kochia in the presence and absence of glyphosate 
and dicamba selection, respectively, under field conditions. Glyphosate-resistant kochia 
showed limited fitness cost (less seed weight and seed radicle length relative to the 
susceptible) in the absence of glyphosate selection and reduced reproductive fitness (seed 
production) in the presence of increasing glyphosate selection. In the absence of dicamba 
selection, dicamba-resistant kochia showed a fitness cost (reduced growth and seed 
production relative to the susceptible) associated with dicamba resistance with greater 
fitness cost observed with increased level of resistance. Dicamba-resistant kochia also 
showed reduced reproductive fitness (seed production) in the presence of increasing 
dicamba selection. Overall, this research provides information on the growth and 
reproductive fitness of glyphosate-resistant kochia and dicamba-resistant kochia in the 
presence and absence of glyphosate and dicamba selection, respectively. Furthermore, this 
research provides insights on the competitive abilities of different but financially viable 
rotational crops for kochia management in Montana. 
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CHAPTER 1 

INTRODUCTION 

Kochia Biology 

Kochia [Bassia scoparia (L.) A. J. Scott] is an herb originally from Europe and 

Asia (Ball et al. 2000; Friesen et al. 2009) that was introduced into the United States as an 

ornamental in the 1800s (Friesen et al. 2009; Whitson et al. 2000). Today, kochia is an 

invasive summer annual weed species found widespread across the Continental US and 

Canadian provinces (Friesen et al. 2009; USDA-NRCS 2019) where it thrives in prairies, 

roadsides, pastures, wastelands, cultivated fields, floodplains and riparian habitats (Casey 

2009; Forcella 1985; Frankton and Mulligan 1987; Stubbendieck et al. 2003). It is a 

diploid (2n=18) weed species from the “Chenopodiaceae” family (Friesen et al. 2009). It 

emerges early in the spring, comes in multiple cohorts throughout a growing season, and 

produces thousands of seeds at maturity (>100, 000 seeds per plant ) (Christoffoleti et al. 

1997; Evetts and Burnside 1972; Stallings et al. 1995). Its seeds do not persist for long 

periods in soil (1 to 2 yrs) and cannot emerge from more than 80 mm of soil cover 

(Anderson and Nielsen 1996; Schwinghamer and Van Acker 2008; Zorner et al. 1984). It 

tolerates high levels of salinity, heat, and drought stresses (Friesen et al. 2009). At 

maturity, it breaks off from the base and disperses its seeds through a “tumbleweed” 

mechanism across vast distances (Baker et al. 2010). Its high rate of spread makes kochia 

one of the most serious weeds in the northwest region of the United States (Forcella 

1985). It exhibits protogynous flowering making it a highly out-crossing species with a 
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very diverse genetic makeup within and among populations  (Mengistu and Messersmith 

2002; Stallings et al. 1995).   

In the US Great Plains, it significantly affects the yields of oats (Avena sativa L.), 

wheat (Triticum aestivum L.), sugar beet (Beta vulagris L.) , sunflower (Helianthus 

annuus L.) , corn (Zea mays L.), soybeans [Glycine max (L.) Merr.], and sorghum 

[Sorghum bicolor (L.) Moench] (Manthey et al. 1996; Friesen et al. 1991a, 1991b, 1991c; 

Mesbah et al. 1994; Lewis and Gulden 2014; Wicks et al. 1993; Wicks et al. 1994; Waite 

et al. 2013). It also ranks among the top six most troublesome weeds of canola (Brassica 

napus L.), corn, alfalfa (Medicago sativa L.), sugar beet, spring grains and pulse crops 

(Van Wychen 2016, 2017). Its fibrous body clogs harvest equipment during crop harvest 

and due to its limited dormancy, it is a persisted control problem during fallow periods of 

major cropping systems ((Manthey et al. 1996). Kochia is strongly nitrogen responsive 

and capable of  flourishing under many different tillage and crop rotation systems 

(Schwinghamer and Van Acker 2008; Wilson et al. 2007; Lugg et al. 1983; Watson et al. 

2001; Anderson et al. 2007; Friesen et al. 2009). Moreover, kochia populations rapidly 

shift from early-emerging to late-emerging cohorts in response to early-season chemical 

control tactics that rapidly select for biotypes with elevated levels of seed dormancy and 

higher thermal requirements for seed germination (Sbatella and Wilson 2010).   

Resistances to Herbicides 

 Increased application frequency and reliance on herbicides to control weeds, in 

part due to the decline in herbicide prices, led to the development of field-evolved 

herbicide-resistant kochia populations that pose even greater challenges for their control 
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and management (Fenster and Wicks 1982; Kumar et al. 2014; Godar et al. 2015; Sbatella 

and Wilson 2010; Wilson et al. 2007; Heap 2019). Herbicide-resistant kochia is now 

widespread in the Great Plains, Pacific Northwest, Rocky Mountains, and Midwestern 

USA and in three Canadian provinces (Heap 2019).  These herbicide-resistances include 

resistance to acetolactate synthase (ALS) inhibitors, synthetic auxins, photosystem II 

(PSII) inhibitors, and 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitors 

(Kumar et al. 2019; Heap 2019). To make matters worse, several states have kochia 

populations confirmed resistant to multiple herbicide sites of action, among of these are 

kochia populations from Illinois with resistance to both PSII and ALS inhibitors (Foes et 

al. 1999) and more recent kochia populations from Kansas with resistances to glyphosate, 

ALS inhibitors, PSII inhibitors and dicamba (Varanasi et al. 2015). Even more troubling, 

some of these herbicide resistances have been shown to neither reduce the vegetative 

growth nor affect the reproductive success of the herbicide-resistant population in the 

absence of herbicide selection.  This suggests that these kochia populations will likely 

persist in fields long after the application of the herbicide it is resistant to is discontinued 

(Osipitan and Dille 2017; Kumar and Jha 2015b).  

Glyphosate-Resistant Kochia 

 Glyphosate [N-(phosphonomethyl) glycine] is a systemic, broad-spectrum, 

postemergence herbicide intensively and extensively used in croplands and non-croplands. 

It’s been considered the “silver bullet” of herbicides due to its broad-spectrum efficacy on 

weeds, low residual activity in the soil, low mammalian toxicity, and faster degradation in 

the environment than most herbicides (Duke and Powles 2008).Through competitive 
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inhibition, it inhibits the 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS) enzyme, 

the enzyme responsible for the biosynthesis of aromatic amino acids (phenylalanine, 

tyrosine, and tryptophan) and other aromatic compounds in the shikimate pathway that 

without the enzymatic activity proves lethal to the plant (Duke and Powles 2008; Powles 

2010).  

Before the advent of glyphosate-tolerant crops, glyphosate use was limited to 

orchards, vineyards, and non-agricultural situations. After commercialization of 

glyphosate-tolerant crops, glyphosate has been intensively and widely used as preplant 

burndown, post-crop emergence and post-harvest applications in many cropping situations 

including fallow due to its cheap price and high efficacy on many annual and perennial 

weeds including on kochia (Donald and Prato 1991; Lloyd et al. 2011; Mickelson et al. 

2004). A little over 20 years since glyphosate was first used, evolved resistance to 

glyphosate was reported in rigid ryegrass (Lolium rigidum Gaud.) (Powles et al. 1998). 

Reported cases of glyphosate resistance have dramatically increased ever since.  To date, 

there are 48 weed species with reported resistant to glyphosate, including glyphosate-

resistant kochia, which had been reported in 10 US states and 3 Canadian provinces 

(Beckie et al. 2013; Wiersma et al. 2015; Godar et al. 2015; Hall et al. 2014; Waite et al. 

2013; Heap 2020; Kumar et al. 2014). Glyphosate-resistant kochia has been confirmed in 

wheat-fallow, corn, sugar beet, soybean, cotton and sorghum cropping systems (Heap 

2020). Sugar beet is particularly sensitive to competition with kochia with significant 

reductions in sugar beet root yield being observed due to kochia interference even at low 

kochia densities and late weed stand emergence (Mesbah et al. 1994; Schweizer 1973; 
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Weatherspoon and Schweizer 1971; Schweizer and Dexter 1987; Rosso et al. 1996; Scott 

et al. 1979). Kochia is also significantly harder to control in sugar beet than in corn (Zea 

mays L.) , soybean [Glycine max (L.) Merr.], wheat (Triticum aestivum L.) or fallow 

cropping systems (Sbatella et al. 2019). The narrow spectrum of herbicide modes of action 

available for kochia control in sugar beets and the poor control they achieved in 

conventional sugar beet drove the rapid and widespread adoption of Roundup Ready® 

sugar beet in the Northern Great Plains (Fernandez-Cornejo et al. 2016; Kniss 2010). At 

least three states in the US (ID, OR and WY) have confirmed cases of glyphosate-resistant 

kochia populations that evolved in sugar beet fields (Heap 2020). From 2013 to 2015, 

additional glyphosate-resistant kochia populations have been confirmed in glyphosate-

resistant sugar beet fields in MT, WY, NE, and CO (unpublished data). No alternative 

post-crop emergence herbicide is as effective as glyphosate for kochia control in sugar 

beet, leaving sugar beet growers from these states vulnerable to kochia related losses. The 

mechanism most commonly responsible for glyphosate resistance in kochia populations is 

a duplication of the EPSPS gene that codes for the 5-enolpyruvyl-shikimate-3-phosphate 

synthase (EPSPS) enzyme, the enzyme inhibited by glyphosate (Wiersma et al. 2015; 

Heap 2020). Gene amplification and overexpression of the target EPSPS enzyme results in 

an abundance of uninhibited EPSPS that carries on the essential plant metabolic function 

thereby conferring resistance to the herbicide (Powles and Preston 2006; Powles 2010; 

Powles and Yu 2010). Independent studies with different kochia populations showed that 

glyphosate resistance level becomes greater with the increase in the genomic EPSPS gene 

copy number (Mithila et al. 2014; Godar et al. 2015; Kumar and Jha, 2015). Fitness 
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studies conducted in the greenhouse involving inbred lines of glyphosate-resistant (GR) 

and glyphosate-susceptible (GS) kochia under intraspecific competition showed no 

differences in growth and reproductive parameters in the absence of glyphosate (Kumar 

and Jha, 2015). This implies there is no cost associated with over expression of EPSPS 

gene and the trait will persist within kochia populations long after glyphosate applications 

have ceased. 

  Dicamba-Resistant Kochia 

 The widespread occurrence of glyphosate-resistant kochia across the Great Plains 

increased the use of synthetic auxins such as dicamba to control kochia (Kumar and Jha 

2015; Ou et al. 2018; Yadav et al. 2020). Dicamba is selective against broadleaf weed 

species making it an important herbicide (i.e. in corn, wheat) and the cheaper dicamba 

price in recent years only made its use more appealing to producers. Dicamba-resistant 

(DR) kochia was first reported from north-central Montana in 1994 (Cranston et al. 2001) 

then later confirmed in five U.S. states (Colorado, Idaho, Kansas, Nebraska, North 

Dakota) and two Canadian province (Saskatchewan and Alberta) (Crespo et al. 2014; Jha 

et al. 2015; Heap 2020; Kumar and Jha 2016; Preston et al. 2009; Varanasi et al. 2015; 

Westra et al. 2019, Kumar et al. 2019b, 2019c). The DR kochia are reported most 

commonly from wheat and corn fields with fewer reported from non-croplands (chemical-

fallow fields or roadsides. However,  kochia with resistance to three herbicide modes of 

action including dicamba have been reported recently in a variety of cropping systems 

including canola (Brassica napus L.), lentils (Lens culinaris Medic.), peas (Pisum sativum 

L.), and winter barley (Hordeum vulgare L.) in addition to corn and wheat (Heap 2020). 
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Dicamba has been used for more than 40 years yet the reported cases of dicamba-resistant 

kochia have been few (Kumar et al. 2019a). The complex dicamba sites of action and the 

fitness cost reportedly associated with resistance alleles in dicamba-resistant kochia are 

postulated reasons why the occurrence of dicamba resistance in kochia is not widespread 

(Mithila et al. 2011; Kumar and Jha 2016). Negative pleiotropic or gene linkage effects 

brought about by herbicide resistance gene(s) due to naturally occurring mutations can 

alter the plant metabolic functions and source-sink relationships resulting in reduced 

vegetative growth and/or fecundity (Vila-Aiub et al. 2009; Mithila et al. 2011; Vila-Aiub 

et al. 2015; LeClere et al. 2018; Kumar and Jha 2016) although not all cases of dicamba 

resistance in kochia have demonstrated reductions in vegetative biomass (Menalled and 

Smith 2007). The genetic mechanism(s) for dicamba resistance is not completely 

understood. Although dicamba-resistance in kochia was not due to changes in dicamba 

uptake, translocation or metabolism (Cranston et al. 2001; Pettinga et al. 2017), all 

indications (i.e. differential expression of mRNA transcripts, Y2H analysis, sequence 

information, concentration of primary dicamba metabolite) point towards a mutation in the 

auxin-binding receptor that disrupts auxin-binding and auxin-mediated signal transduction 

pathways thereby conferring resistance to dicamba and other auxinic herbicides. This 

resistance seemingly displays inheritance from a single dominant allele (LeClere et al. 

2018; Goss and Dyer 2003; Preston et al. 2009; Cranston et al. 2001). Realizing the need 

to help preserve the utility of dicamba in soybeans, alternative herbicide programs for 

glyphosate-resistant and dicamba-resistant kochia control have been evaluated so as to 

minimize the risk of multiple resistance to both herbicide sites of action (Yadav et al. 
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2020). Proactive use of pre-emergence soil-residual herbicides (i.e. sulfentrazone) 

followed by post-emergence herbicides has been shown to effectively control glyphosate-

resistant and dicamba-resistant kochia in glyphosate-dicamba-tolerant soybean thus reduce 

the risk of multiple resistance (Yadav et al. 2020). Additionally, a pre-emergence 

application of dicamba effectively controlled a DR kochia population (Ou et al. 2018). 

With the widespread occurrence of herbicide-resistant kochia and the recent 

commercialization of dicamba-tolerant crops, it is expected that dicamba use will further 

increase in the coming years.  

The Need for Non-Herbicidal Approaches to Kochia Management 

 The great challenge for the continued control and management of herbicide-

resistant kochia will be the development of diverse approaches to weed management that 

reduce the reliance on chemical weed control. Mechanical and ecological approaches such 

as tillage, increased crop competition, cover crops, and diverse and improved crop 

rotations hold great potential for decreasing kochia seedbanks and managing kochia 

herbicide resistance (Osipitan and Dille 2017; Ball 1992; Davis et al. 2005, Kumar et al. 

2019). Growing interests in ecological approaches to weed management that can be 

integrated into current herbicide weed control programs has become a renewed frontier in 

integrated weed management. One ecological approach is to take advantage of the natural 

competitive abilities of crops including their ability to tolerate weed competition 

(tolerance) thus maintaining yields while reducing weed fitness (suppression) (Goldberg 

1990; Grace 1990). A strong suppressive crop can significantly reduce weed seed 

production, which can have positive long-term effect on weed seed banks (Hansen et al. 
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2008; Kniss et al. 2015). For instance, the early biomass production in wheat (Triticum 

aestivum L.) and barley (Hordeum vulgare L.) is one of the two traits responsible for 

significant suppression of perennial ryegrass (Lolium perenne L.) and volunteer oil 

rapeseed (Brassica napus L.) (Bertholdsson 2005, 2011). For kochia, seed production was 

significantly reduced in corn and wheat plots relative to a fallow control (Nyamusamba 

2014).  In comparison to other crops, corn has been shown to significantly reduce kochia 

seed banks compared to drybeans (Phaseolus vulgaris L.) and to a rotation of sugar beet –

sugar beet–corn (Ball 1992).  For the latter, differences were suggested to be due to 

differing herbicide use for each crop in the cropping sequence and the more competitive 

nature of corn crop (Ball 1992).  At this time, it is unclear the relative contribution of each 

of these factors on kochia control.   

Research Thrusts 

As part of a diversified and ecological approach to weed control and management, 

taking advantage of competitive crops could be a viable strategy to reduce herbicide-

resistant kochia seedbanks. This is addressed in Chapter 2 which aimed to address the 

information deficiency on the interactions between kochia density and crop competition as 

well as assess the relative competitiveness of financially viable rotational crops for kochia 

management in Montana. For chapter 2, the objective was to determine the impact of 

different crops (corn, barley, soybean, and sugar beet) and varying kochia densities on 

overall kochia growth and fecundity.  

Considering the degree on how widely glyphosate-resistant sugar beet was adopted 

and how glyphosate became the primary tool for broad-spectrum weed control in 
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glyphosate-resistant sugar beet, it is important to know how glyphosate applications 

impact the population dynamics of glyphosate-resistant kochia populations in sugar beet 

fields. Given the high rates of glyphosate selectivity in sugar beet, the presence of 

sensitive individuals suggests a fitness cost associated with glyphosate resistance. But so 

far, there is no information on the fitness of glyphosate-resistant kochia in the presence of 

multiple applications of glyphosate at varying rates in glyphosate-resistant sugar beet. 

This is addressed in Chapter 3 where the differential survival, reproduction and progeny 

seed vigor of glyphosate-resistant kochia genotypes in response to sequential applications 

of increasing total glyphosate doses was quantified. For chapter 3, the objective was to 

determine the survival, fecundity and population dynamics of glyphosate-resistant kochia 

with low to high levels of resistance (based on genomic EPSPS gene copy number) in 

response to varying glyphosate selection pressures potentially experienced within a 

Roundup Ready® sugar beet field. 

Lastly, dicamba dose response studies conducted in the greenhouse determined 

that dicamba resistant  kochia populations displayed significant variation in resistance 

(variable response) based on estimated GR50 values from shoot dry weight accumulations 

28 days after treatment of increasing dicamba dose (Jha et al. 2015). A follow up 

greenhouse study on the fitness of a dicamba-resistant (DR) kochia population relative to a 

dicamba-susceptible (DS) population showed reduced fitness of the DR kochia compared 

to DS kochia in the absence of dicamba (Kumar and Jha, 2016). Hence, it has been 

hypothesized that there could be a reduction in fitness of dicamba-resistant kochia in the 

absence of dicamba selection under field conditions. However, there is limited information 
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on the fitness of dicamba-resistant kochia in the absence of dicamba under the field 

conditions and even more so the population dynamics of dicamba-resistant kochia in the 

presence of dicamba. This is addressed in Chapter 4 wherein the fitness of dicamba-

resistant kochia was evaluated. In this chapter, the objective was to determine the survival, 

growth, and fecundity of DR kochia with low to high levels of resistance in response to 

dicamba selection and its absence under field conditions. The risk of weed resistance 

evolution and spread is greatest when seed rain from survivors during a growing season is 

not prevented (Neve et al. 2011; Taylor and Hartzler 2000). Evaluation of dicamba-

resistant kochia fitness allows assessment of risks associated with increased dicamba use 

in grower fields and help identify key factors that can be exploited for the long-term 

management of resistant kochia seed banks. 

This research focused mainly on the fitness and population dynamics of glyphosate-

resistant kochia and dicamba-resistant kochia with varying levels of resistance in the presence 

of increasing selection pressures of glyphosate and dicamba, respectively, and their absence in 

the field. This research also emphasizes the importance of crop competition as a non-

herbicidal tool to manage kochia seed banks. This research highlights the absence of fitness 

cost in glyphosate-resistant kochia in glyphosate-free environment. Another highlight of this 

research is the fitness cost observed in dicamba-resistant kochia in the absence of dicamba and 

the reduced fitness of dicamba-resistant kochia to higher rates of dicamba selection. More 

importantly, this research showed the viability of competitive crops as tactic to effectively 

reduce kochia seed production and kochia seed banks by crop competition alone. Together 

with alternative approaches to control kochia, higher rates of glyphosate or dicamba can 

significantly reduce the seed production of glyphosate-resistant and dicamba-resistant kochia, 
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respectively, and utilization of competitive crops such as corn or barley in the rotation can 

greatly reduce kochia seed rain.  

Due to the limited genetic representation, the insights achieved by this research 

represent only a cursory exploration of the topic of relative fitness of herbicide resistance in 

kochia.  The lack of fitness cost associated with glyphosate proves the limited fitness costs 

associated with this herbicide resistance and emphasizes the need for alternative tools for 

managing these populations.  With regards to dicamba resistant kochia, a more comprehensive 

assessment of fitness cost should be made prior to any definitive statement being made about 

the presence of a fitness costs associated with dicamba resistance.  With that said, fitness costs 

within our study were associated with all three genetic lines studied. While genetically limited 

in scope, the fitness costs observed were also positively associated with relative dicamba 

resistance. If further studies prove this observation true, then higher levels of dicamba 

resistance will be associated with higher levels of selective pressure against their emergence 

and persistence within crop lands.  In managing herbicide resistance, corn and barley are 

particularly competitive.   Among these, barley holds the most promise, in that it is more 

adaptable across Montana’s semi-arid environments.  Other studies have shown that wheat is a 

good competitive crop as well.  Because barley develops faster and earlier than wheat, its 

performance in suppression of kochia populations may very well be superior as others have 

indicated that kochia development is adversely affected by cold temperatures in combination 

with shade in the presence of wheat (Fischer et al. 2000). 
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Abstract 

Kochia [Bassia scoparia (L.) A. J. Scott], represents one the most troublesome 

weed in crop production systems in North America.  This is exacerbated by the 

development of herbicide resistant kochia populations.  To address this problem, more 

ecologically driven approaches to its control are necessary.  Using a split plot design, this 

study examined the competitive effects of four crops (sugar beet, soybean, barley and 

corn) in combination with kochia densities (3, 13, 24, 47, 94 and 188 plants m-2) on kochia 

development and kochia seed production across 2 years.  Corn and barley had the greatest 

impact on kochia growth and fecundity. Kochia biomass was 87 and 82% lower and seed 

production was 98 and 96% lower (p<0.001) in corn and barley, respectively, relative to 

fallow.  Corn had greatest effect in reducing kochia biomass and seed production.  Barley 

had greatest effect in delaying kochia flowering which happened after barley senesce at 

113 days after kochia emergence (p<0.001).  Soybean and sugar beet had the least effect. 

reducing kochia biomass by 70 and 65% and seed production by 84 and 80% (p<0.001), 

respectively, relative to fallow. The increasing kochia densities resulted in reductions 

in kochia width, number of primary branches, biomass plant-1 and seeds plant-1 but 

increased the height, biomass m-2 and seeds m-2 (p<0.001) in all crops except in 

corn.  Overall, corn and barley represent the greatest opportunity to impact kochia through 

reduced fecundity and delayed flowering, with the latter providing a window of 

opportunity for post-harvest control.  The effects observed here were isolated from 

differences in herbicide practices that are associated with each of these crops, differences 

that have a dramatic effect on kochia in their own right. 
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Introduction 

Kochia [Bassia scoparia (L.) A. J. Scott] is an herb originally from Europe and 

Asia (Ball et al. 2000; Friesen et al. 2009) that was introduced into the United States as 

an ornamental in the 1800s (Friesen et al. 2009; Whitson et al. 2000). Today, kochia is an 

invasive summer annual weed species found widespread across the Continental US and 

Canadian provinces (Friesen et al. 2009; USDA-NRCS 2019) where it thrives in prairies, 

roadsides, pastures, wastelands, cultivated fields, floodplains and riparian habitats (Casey 

2009; Forcella 1985; Frankton and Mulligan 1987; Stubbendieck et al. 2003). Its high 

rate of spread makes kochia one of the most serious weeds in the northwest region 

(Forcella 1985). Kochia affects the yields of oats (Avena sativa L.), wheat (Triticum 

aestivum L.), sugar beet (Beta vulagris L.) , sunflower (Helianthus annuus L.) , corn (Zea 

mays L.), soybeans [Glycine max (L.) Merr.], and sorghum [Sorghum bicolor (L.) 

Moench] (Manthey et al. 1996; Friesen et al. 1991a, 1991b, 1991c; Mesbah et al. 1994; 

Lewis and Gulden 2014; Wicks et al. 1993; Wicks et al. 1994; Waite et al. 2013). It also 

ranks among the top six most troublesome weeds of canola (Brassica napus L.), corn, 

alfalfa (Medicago sativa L.), sugar beet spring grains and pulse crops (Van Wychen 

2016, 2017). 

The unique features and competitive nature of kochia has made it a problematic 

weed against many crop species.  A monoecious diploid (2n = 18) with a C4 growth 

habit, kochia exhibits protogynous flowering that enforces high levels of outcrossing and 
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promotes high genetic diversity within and among populations (Stallings et al. 1995; 

Mengistu and Messersmith 2002; Beckie et al. 2016). Among the reasons for its 

widespread distribution and its troublesome nature (Eberlein and Fore 1984; Forcella 

1985; Wicks et al. 1994; Heap 2019), are its ability to rapidly emerge early in the 

growing season, low seed dormancy, high environmental stress tolerance, high seed 

production, and the tumble mechanism for effective seed dispersal across long distances 

(Dille et al. 2017; Schwinghamer and Van Acker 2008; Friesen et al. 2009; Kumar and 

Jha 2017; Kumar et al. 2018a). While its small seeds cannot emerge from more than 80 

mm of soil cover and won’t persist in the soil for more than 2 years (Schwinghamer and 

Van Acker 2008), kochia is strongly nitrogen responsive and capable of  flourishing 

under many different tillage and crop rotation systems (Wilson et al. 2007; Lugg et al. 

1983; Watson et al. 2001; Anderson et al. 2007; Friesen et al. 2009). Moreover, kochia 

populations rapidly shift from early-emerging to late-emerging cohorts in response to 

early-season chemical control tactics that rapidly select for biotypes with elevated levels 

of seed dormancy and higher thermal requirements for seed germination (Sbatella and 

Wilson 2010).   

Increased application frequency and reliance on herbicides to control weeds, in 

part due to the decline in herbicide prices, led to the development of field-evolved 

herbicide-resistant kochia populations that pose even greater challenges for their control 

and management (Fenster and Wicks 1982; Kumar et al. 2014; Godar et al. 2015; 

Sbatella and Wilson 2010; Wilson et al. 2007; Heap 2019). Herbicide-resistant kochia is 

now widespread in the Great Plains, Pacific Northwest, Rocky Mountains, and 
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Midwestern USA (Heap 2019).  These herbicide-resistances include resistance to 

acetolactate synthase (ALS) inhibitors, synthetic auxins, photosystem II (PSII) inhibitors, 

and 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitors (Kumar et al. 

2019; Heap 2019). To make matters worse, several states have kochia populations 

confirmed resistant to multiple herbicide sites of action, among of these are kochia 

populations from Illinois with resistance to both PSII and ALS inhibitors (Foes et al. 

1999) and more recent kochia populations from Kansas with resistances to glyphosate, 

ALS inhibitors, PSII inhibitors and dicamba (Varanasi et al. 2015). Even more troubling, 

some of these herbicide resistances have been shown to neither reduce the vegetative 

growth nor affect the reproductive success of the herbicide-resistant population in the 

absence of herbicide selection.  This suggests that these kochia populations will likely 

persist in fields long after the application of the herbicide it is resistant to is discontinued 

(Osipitan and Dille 2017; Kumar and Jha 2015b).  

The great challenge for the continued control and management of herbicide-

resistant kochia will be the development of diverse approaches to weed management that 

reduce the reliance on chemical weed control. Mechanical and ecological approaches 

such as tillage, increased crop competition, cover crops, and diverse and improved crop 

rotations hold great potential for decreasing kochia seedbanks and managing kochia 

herbicide resistance (Osipitan and Dille 2017; Ball 1992; Davis et al. 2005, Kumar et al. 

2019). Growing interests in ecological approaches to weed management that can be 

integrated into current herbicide weed control programs has become a renewed frontier in 

integrated weed management. One ecological approach is to take advantage of the natural 
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competitive abilities of crops including their ability to tolerate weed competition 

(tolerance) thus maintaining yields while reducing weed fitness (suppression) (Goldberg 

1990; Grace 1990). A strong suppressive crop can reduce weed seed production, which 

can have positive long-term effect on weed seed banks (Hansen et al. 2008; Kniss et al. 

2015). For instance, the early biomass production in wheat (Triticum aestivum L.) and 

barley (Hordeum vulgare L.) is one of the two traits responsible for significant 

suppression of perennial ryegrass (Lolium perenne L.) and volunteer oil rapeseed 

(Brassica napus L.) (Bertholdsson 2005, 2011). For kochia, seed production was reduced 

in corn and wheat plots relative to a fallow control (Nyamusamba 2014).  In comparison 

to other crops, corn has been shown to reduce kochia seed banks compared to drybeans 

(Phaseolus vulgaris L.) and to a rotation of sugar beet –sugar beet–corn (Ball 1992).  For 

the latter, differences were suggested to be due to differing herbicide use for each crop in 

the cropping sequence and the more competitive nature of corn crop (Ball 1992).  At this 

time, it is unclear the relative contribution of each of these factors on kochia control.  

There is currently little information on the interactions between kochia density and crop 

competition on kochia growth and development. This study aims to address this 

deficiency as well as assess the relative competitiveness of viable rotational crops for 

kochia management in Montana.  Our objective is to determine the impact of corn, 

barley, soybean, and sugar beet and varying kochia densities have on overall kochia 

growth and fecundity. As part of a diversified and ecological approach to weed control 

and management, taking advantage of competitive crops could be a viable strategy to 

reduce herbicide-resistant kochia seedbanks. 
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Materials and Methods 

Plant Material. Mature seeds from an herbicide-susceptible kochia accession 

collected from a nearby field at Montana State University Southern Agricultural Research 

Center (MSU-SARC) in Huntley, MT were used in this study. Crop seeds were obtained 

from a local seed distributor (Northern Seed, 1400 Minnesota Ave, Billings, MT 

59101). The crop varieties used were DKC36-30RIB (DEKALB®, Monsanto 

Technology LLC, 800 N. Lindbergh Boulevard, St. Louis, MO 63167) for corn, DKB008-

81 (DEKALB®, Monsanto Technology LLC 800 N. Lindbergh Boulevard, St. Louis, MO 

63167) for soybean, BetaShield BTS39RR8N RP (Betaseed, Inc. 5746 50TH Ave S., 

Moorhead, MN, 56560) for sugar beet and Moravian 115 (MillerCoors, LLC, 311 10th 

Street, Golden, CO, 80401) for barley. 

Field Establishment and Experimental Design .The study was conducted at 

Montana State University Southern Agricultural Research Station (MSU-SARC) in 

Huntley, between early to mid-April and to mid-October of 2015 and 2016.  The 

experiment design was a randomized block in split plot with crops being the main plots 

with four replications.  Within each main plot were six kochia density treatments 

randomly placed as subplots. 

Treatments. The whole-plot crop treatments were sugar beet, soybean, barley, 

corn, and fallow (bare ground). The crop treatments were randomly assigned to each 

whole-plot. Corn was seeded at a rate of 101, 806 seeds ha-1 with rows spaced at 76 cm. 

Soybean was seeded at a rate of 432,425 seeds ha-1 with rows spaced at 15 cm. Sugar 

beet was seeded at 123,500 seeds ha-1 with rows spaced at 61 cm. Barley was seeded at 



34 
 

 

2,100,350 seeds ha-1 with rows spaced at 19 cm.  The whole-plot dimensions were 6 m by 

4.5 m and spaced 4.5 m from one whole-plot to another. The sub-plot treatments were the 

increasing kochia densities of 1, 5, 9, 18, 36 and 72 plants per 0.36 m2 (0.6 x 0.6 m) or 

equivalent to 3, 13, 24, 47, 94 and 188 plants m-2. The six kochia density treatments were 

randomly assigned among sub-plots. Each experimental unit had a dimension of 0.6 m by 

0.6 m and were 0.6 m apart from each other. The sub-plot treatments were lined at the 

center in a zigzag pattern and parallel to the length of whole-plot.  A thin wooden board 

(same dimensions as the sub-plot) punctured with holes equally spaced from each other 

was laid on the ground and used as a sowing guide. To ensure at least one kochia 

emergence per hole and that the kochia seedlings were equally-spaced according on 

kochia density treatment, 10 to 20 kochia seeds were hand sown through the holes in 

equal spaces based on kochia density treatment. Kochia seedlings were thinned down to 

respective kochia density treatments one week after kochia emergence. In 2015, barley 

emerged on April 17th, sugar beet on May 18th, soybean on May 26th and corn on May 

21st, and in these crops kochia emerged on April 13th, May 16th, May 21st and May 16th, 

respectively, while kochia in the fallow treatment emerged on April 13th. In 2016, barley 

emerged on April 20th, sugar beet on May 25th, soybean on May 23rd and corn on May 

18th, and in these crops kochia emerged on April 17th, May 20th, May 21st and May 16th, 

respectively, while kochia in the fallow treatment emerged on April 20th (Appendix A). In 

the fallow treatment, kochia seeds were sown on the same day as kochia seed sowing date 

in the barley crop. Seed germination was stimulated by either rainfall or irrigation within 

a week after crop and kochia seeding. Irrigations were done as needed throughout the 
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duration of the study. To keep whole-plots free of extra kochia plants and other weed 

species, herbicides were applied at field use rates in-crop as needed. Glyphosate 

(Roundup PowerMax®, Monsanto Company, 800 North Lindberg Ave., St. Louis, MO) 

was applied at 1.36 kg ae ha-1 in fallow, soybean and sugar beet canopy treatments. 

Dicamba (Clarity®, BASF, Research Triangle Park, NC) was applied at 280 g ae ha-1 in 

the corn canopy treatments and a premix of bromoxynil and pyrasulfotole (Huskie®, 

Bayer Crop Science, Research Triangle Park, NC 27709) was applied at 0.229 and 0.040 

kg ai ha-1 respectively, in the barley crop treatments. Custom made plastic boxes were 

used to cover the sub-plots prior to herbicide in-crop applications to protect the kochia 

density treatments. Hand-weeding inside the sub-plots was done as needed to maintain 

kochia density treatments and to keep it free of other weed species and extra kochia 

plants.  Prior to crop planting, the experiment area was chisel-plowed to incorporate 

spring barley stubble from the previous year and early weed flushes (at least two) were 

over-sprayed with glyphosate (Roundup PowerMax®, Monsanto Company, 800 North 

Lindberg Ave., St. Louis, MO) at 1.36 kg ae ha-1 as a burndown to start the experimental 

field clean. Nitrogen fertilizer (46-0-0) was incorporated in the soil at 91 kg N ha-1 in 

corn and soybean plots and at 46 kg N ha-1 in sugar beet and barley plots prior to crop 

planting. Crop seeds were planted and mature kochia seeds from the herbicide-

susceptible kochia accession were sown within 3 days after crop seeding.   

Kochia growth and fecundity. Kochia plant height, canopy width, and number 

of branches were measured for three representative kochia plants from each experimental 

plot every two weeks until the maximum vegetative stage to determine kochia growth. 
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Dates of when the kochia plants from each treatment were first observed to undergo 

flower initiation, flowering and seed set were recorded. Kochia reproduction data on 

kochia days-to-flower initiation, days-to-flowering and days-to-seed set were determined 

by the number of days (starting from kochia emergence) it took for 50% of the kochia 

plants in each experimental plot to first form reproductive structures, protruded 

inflorescence and shed pollens, and produced mature dark brown seeds, respectively. 

Kochia seed production was determined by harvesting three representative mature kochia 

plants from each experimental plot. Seeds from the mature kochia plants were separated 

and cleaned. All the seeds from the three harvested kochia plants were mixed thoroughly, 

pooled and total weight of seeds were recorded. From the seed pool, 1000 seeds were 

counted, and the weight was recorded. The process was repeated three times. The total 

weight of the pooled seeds was divided by its average 1000-seed weight multiplied by a 

thousand to determine the total number of seeds from the three kochia plants. The total 

number of seeds was divided by three to determine kochia seeds plant-1. 

Kochia seed viability and seedling vigor. Seed viability test was done at the 

MSU-SARC physiology laboratory in 2015 and 2016. A total of 125 seeds from each 

treatment were tested for viability and seedling vigor. Twenty-five seeds were placed in 

between two layers of filter papers (Whatman®, Grade 2, Sigma-Aldrich Inc., St. Louis, 

MO 63178, USA) inside 10-cm diameter petri dishes (Sigma-Aldrich, Sigma-Aldrich 

Inc., St. Louis, MO 63178, USA) The seeds were soaked with 10ml of double distilled 

water. Kochia seed germination does not require light (Everitt et al.1983) thus, petri 

dishes were wrapped in aluminum foil and placed in an incubator (VMR International, 
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Sheldon Manufacturing Inc., Cornelius, OR 97113, USA) with lights off. The 

temperature was set constant at 25°C for optimum kochia seed germination (Al-Ahmadi 

and Kafi 2007). Radicle length of three germinated seedlings from each petri dish was 

measured 24 h after incubation. Germinated seedlings were counted daily for 15 days and 

then terminated. Ungerminated seeds were tested for viability using a 1% w/v tetrazolium 

chloride solution (Sbatella and Wilson 2010). Seeds were considered germinated when 

the radicles emerged, and the tip of the radicle uncoiled (Young et al. 1981). Seed 

viability was calculated as the percentage of germinated seeds and seeds that were 

positive in the tetrazolium chloride test. The petri dish experiment was conducted in a 

randomized complete block with five replications using the shelves inside the incubator 

as blocks. 

Data Analysis. All observations were transformed to their natural logarithm (log 

e) before being subjected to analysis of variance test except for observations taken for 

days to flowering, height, and number of primary branches. All data were subjected to 

ANOVA (randomized block split plot design) combined over years using PROC MIXED 

in SAS (SAS Institute Inc., Cary, NC) to test the significance of trial year, replication, 

crop treatment, kochia density treatment and interactions. Test for normality of residuals 

and homogeneity of variance were done using PROC UNIVARIATE in SAS (Statistical 

Analysis Systems®, version 9.2, SAS Institute Inc., SAS Campus Drive, Cary, NC 

27513-2414). Means were separated using Tukey-Kramer’s Honest Significant 

Difference (HSD, α=0.05) test. Results from the two trial years, treatment by year 

interaction, and replication by year interaction, were not different across the response 
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variables (data not presented, PROC MIXED Type 3 ANOVA test) and variances were 

homogenous (data not presented, PROC UNIVARIATE test)(Statistical Analysis 

Systems®, version 9.3, SAS Institute Inc., SAS Campus Drive, Cary, NC, USA). Given 

the homogeneity of variances and the trends within the data being consistent across trial 

years, the results from two trials were combined for simplicity of presentation. 

Results  

Crop had a profound effect on kochia (Figure 1). In both trial years, kochia 

emergence was 2-4 days earlier than crop emergence. Neither crop nor kochia density 

affected 1000-seed weight (p=0.21 and p=0.06, respectively), seed viability (p=0.88 and 

p=0.06, respectively) and radicle length (p=0.22 and p=0.86, respectively). Among the 

main effects, the crop treatment affected all response variables (all p < 0.01) as shown in 

Table 1. Presence of a crop had dramatic effect on the kochia growth and development 

compared to its absence (fallow).  Among the different crops, there were additive 

differential effects. Averaged across kochia densities, the presence of a crop decreased 

the kochia final width, height, number primary branches, biomass plant-1, biomass m-2, 

seeds plant-1 and seeds m-2 compared to fallow treatment (Table 2). Kochia canopy width 

was narrowest in barley and corn at 0.26 and 0.37 m, respectively, followed in ascending 

order by kochia sugar beet and soybean at 0.53 and 0.60 m, respectively.  It was widest at 

0.76 m for kochia in fallow plots. Kochia in barley had the least number of primary 

branches at 25.7, followed in ascending order by kochia in sugar beet, corn, and soybean 

at 44.9, 49.9, and 50.3 primary branches, respectively (Table 2).  For fallow, kochia had 

53.3 primary branches (HSD=2.1, α =0.05). Kochia biomass plant-1 was least in corn and 
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barley at 77 g, and 107 g, respectively, followed in ascending order by kochia biomass 

plant-1 in soybean and sugar beet at 177 g, and 212 g, respectively, and was greatest in 

fallow at 600 g (Table 2). Thus, kochia biomass plant-1 was reduced by 87, 82, 70, and 

65% in corn, barley, soybean and sugar beet, respectively, when compared to the fallow 

treatment. The same trend was observed with respect to biomass m-2. Kochia in corn and 

barley had lowest biomasses m-2  at 2,363 g, and 3,254 g, respectively, followed in 

ascending order by kochia biomasses in soybean and sugar beet  at 5,375 g, and 6,430 g 

m-2, respectively, and was greatest in fallow at 18,211 g m-2 (Table 2), which translate to 

87, 82, 70, and 65% less biomass m-2 in corn, barley, soybean and sugar beet, 

respectively. Seed production plant-1 was lowest in corn and barley at 5,227 and 9,392 

seeds plant-1, respectively, followed in ascending order by kochia in soybean and sugar 

beet at 38,029 and 45,904 seeds plant-1, respectively, and was greatest in fallow at 

231,979 seeds plant-1. Kochia seed production plant-1 in corn, barley, soybean and sugar 

beet was 98, 96, 84 and 80% less, respectively, compared to the seeds plant-1 in fallow 

(Table 2). Seed production m-2 were lowest for kochia in corn and barley at 158,498 and 

284,788 seeds m-2, respectively, followed in ascending order by kochia in soybean and 

sugar beet at 1,153,256 and 1,391,927 seeds m-2, respectively and was highest in fallow 

at 7,034,239 seeds m-2 (Table 2). Kochia seeds m-2 was reduced by 98, 96, 84, and 80% in 

corn, barley, soybean, and sugar beet, respectively, compared to kochia in fallow. Crops 

shortened the time before kochia reached flowering stage (p=<0.01, Figure 2B) when 

compared to kochia in fallow except for barley which delayed the time before flowering 

of kochia. Time to 50% flowering was shortest in sugar beet and soybean at 66.2 and 
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66.8 days, respectively, took longer in corn and fallow at 81.4 and 102.2 days, 

respectively, and was greatest in barley at 113.4 days (HSD = 2.67). Kochia was tallest in 

fallow at 1.66 m followed in descending order by kochia in corn (1.64 m), soybean (1.44 

m), sugar beet (1.40 m) and was shortest in barley at 0.69 m (HSD=0.0178, α = 0.05) 

(Figure 2A). Crop and kochia density affected final height (both with p=<0.01, Figure 

2A, Figure 2C) but no interaction was observed between the two factors (p=0.26).  

Density affected kochia width, height, primary branches, biomass plant-1, biomass 

m-2, seeds plant-1and seeds m-2 (all p<0.01) but not days to flowering (p=0.98) (Table 1). 

Averaged across crop treatments, the increasing kochia densities (3, 13, 24, 47, 94 and 

188 plants per m2) resulted in decreasing kochia final width (0.72, 0.59, 0.50, 0.44, 0.38 

and 0.31 m, respectively), decreasing number of primary branches (54, 48, 45, 43, 40 and 

37, respectively, with HSD=2.4, α = 0.05), decreasing biomass plant-1 (414, 260, 198, 

149, 111 and 97 g) and decreasing seeds plant-1 (75, 51, 34, 24, 16 and 11 x 1000 seeds, 

respectively) but also resulted in increasing kochia height (1.23, 1.28, 1.35, 1.39, 1.43 

and 1.5 m, respectively, HSD=0.018, α = 0.05), increasing biomass m-2 (1.24, 3.37, 4.75, 

6.99, 10.3 and 18.2 kg, respectively) and increasing seeds m-2 (0.244, 0.667, 0.824, 1.126, 

1.514 and 2.122 x 106 seeds, respectively) [Table 2]. Kochia biomass plant-1 decreased by 

as much as 77% when kochia density increased from 3 to 188 plants m-2. However, 

kochia biomass m-2 was by 14-fold more when kochia density increased from 3 to 188 

plants m-2. The increase in kochia density from 3 to 188 plants per m2 reduced seeds 

plant-1 by 85% but the overall seed production m-2 was increased by 9-fold. 
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Significant interactions were observed between crop and kochia density for final 

width, final number of primary branches, biomass plant-1, biomass m-2, seeds plant-1 and 

seeds m-2 (all p<0.01, Table 1, Figure3, Figure 4).  However, most differences were only 

observed between fallow and crop treatments rather than among crops except for the 

seeds plant-1 and seeds m-2 response variables (Figure 4A and 4B).  In both instances, 

kochia densities had limited effects relative to barley and corn crop (Figure 4A and 4B).  

In terms of seed production plant-1 in each crop treatment, the increased kochia 

density showed a decreasing trend (Figure 4A).  In fallow, there were 609,138 seeds plant-

1 at the lowest density of 3 plants m-2 but started to be reduced at density of 24 plants m-

2density with 255,148 seeds plant-1. In sugar beet, there were 143,889 seeds plant-1 at 3 

plants m-2 density but reduction started at 13 plants m-2 density with 66,890 seeds plant-1. 

In soybean, there were 84,770 seeds plant-1 at lowest density, but a reduction started at 13 

plants m-2 density with 63,634 seeds plant-1. In barley, there were 15,195 seeds plant-1 at 

the lowest density but started to be reduced at 94 plants m-2 density with 7,074 seeds plant-

1. In corn, seeds per plant was 20,729 at lowest density but started to be reduced at density 

of 13 plants m-2 density with 14,056 seeds plant-1 (Figure 4A). In terms of kochia seed 

production per area, the increased kochia density showed an increasing trend in seeds m-2 

from each crop treatment (Figure 4B). In all crop treatments, seed production per area 

started to be increased starting at 13 plants per m2. At the lowest density, seed production 

was 1,827,391 seeds m-2 in fallow, 431,663 seeds m-2 in sugar beet, 254,308 seeds m-2 in 

soybean, 45,583 seeds m-2 in barley and 62,187 seeds m-2 in corn. At 13 plants m-2 density, 

seed production per area increased to 5,903,170 seeds m-2 in fallow, 869,523 seeds m-2 in 
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sugar beet, 827,199 seeds m-2 in soybean, 171,305 seeds m-2 in barley and 182,736 seeds 

m-2 in corn. In corn, the further increase in kochia density from 13 to 188 plants m-2 did not 

increase seed production m-2 (from 182,736 to 196,339 seeds m-2) (Figure 4B). Neither 

crop nor kochia density affected 1000-seed weight (p = 0.21 and p = 0.06, respectively), 

seed viability (p = 0.88 and p = 0.06, respectively) and radicle length (p = 0.22 and p = 

0.86, respectively) (Data not shown). 

Results of the analysis of variance for the three time period measurements of 

kochia height, width and number of primary branches showed that crop and kochia 

density main effects were significant (all p <0.01) across all time periods (Table 3). 

Interaction effect was not significant for height across all time periods (p>0.30) but was 

significant for width and number of primary branches only at time period 3 (p<0.01 and 

p<0.01, respectively. Table 3). The observed interaction effects were between fallow and 

crop treatments rather than among crop treatments (data not shown).  

Kochia in the crop treatments showed shorter height, narrower canopy width and 

fewer number of primary branches compared to kochia in the fallow treatment across all 

time periods (Table 4). At time period 1, kochia in soybean was the shortest (0.49 m) and 

was comparable to kochia height in barley (0.51 m) followed in ascending order by 

kochia heights in corn and sugar beet with 0.68 and 0.77 m, respectively. At time period 

3, kochia height was shortest in barley (0.69 m) followed in ascending order by kochia in 

sugar beet and soybean with 1.40 and 1.44 m, respectively, while kochia was tallest in 

corn at 1.64 m. At time period 1, kochia width was narrowest in barley (0.07 m) followed 

in ascending order by kochia width in sugar beet, soybean and corn (0.26, 0.27 and 0.30 
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m, respectively. HSD=0.202, α = 0.05). At time period 3, kochia width was smallest in 

barley (0.26 m), followed in ascending order by kochia in corn (0.37 m), sugar beet (0.53 

m) and soybean (0.60 m) (HSD=0.065). The number of primary branches was 

consistently the least for kochia in barley across all time periods at 16, 21 and 26 

branches for time periods 1, 2 and 3, respectively, compared to kochia in all the other 

crop treatments. In terms of density effect, the increasing kochia density per m2 resulted 

in an increase in kochia height, decrease in canopy width and decrease in number of 

primary branches which were observed consistent across all time periods (Table 4).  

Discussion 

Corn had the greatest negative effect on kochia biomass and kochia seed 

production. Even though kochia plants were tallest in corn compared to other crops, they 

were thinner stemmed, and had fewer secondary branches, and leaves, resulting in lower 

biomass and seed production. This altered kochia architecture is likely due to its 

competition for light within the corn canopy. Under irrigated and high fertilizer 

production system, corn rapidly accumulates biomass and height, thus, light becomes the 

primary source of competition for weeds (Sinoquet and Caldwell 1995). Increases in total 

canopy leaf area index, height, rate of canopy closure and height at which the leaf area 

occurs have all been associated with improved tolerance and suppressive ability of corn 

relative to weeds (Lindquist et al. 1998; Cavero et al. 1999; Tollenaar et al. 1994). In 

particular, corn’s relative growth rate and specific leaf area strongly correlated with 

relative competitiveness among corn cultivars (Mohammadi 2007). This was 

demonstrated in sweet corn, where the dense canopy and rapid growth of the hybrid 
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variety Rocker was found to contribute to season long performance of sub-rates of the 

herbicide sethoxydim against Panicum miliaceum (L.) fecundity (Williams et al. 2008).  

Barley suppression of kochia growth and fecundity was second only to corn. 

Barley had the greatest effect in reducing kochia height, width and number of primary 

branches and in increasing the number of days for kochia to reach flowering. Barley was 

actually harvestable prior to kochia flowering, which suggest that planting barley 

provides a significant window of opportunity for preventing kochia reproduction through 

post-harvest herbicide burndown applications, or targeted tillage. In barley, the primary 

branches and leaves of kochia were only formed in the upper half of the kochia plants. 

This was likely due to the dense barley canopy that prevented light from reaching the 

under canopy as barley rapidly achieved row closure.  Despite early season competition, 

enough resources and time remained after barley senesced for kochia to recover and 

reproduce if allowed.  This enabled kochia to produce more secondary and tertiary 

branches producing a bushier appearance post-barley senescence and resulted in a gain of 

late season plant biomass and production of seeds. In wheat, uncontrolled and late 

emerging kochia plants contribute in excess of 100,000 seed m-2 when left to set seed 

post-harvest (Kumar and Jha 2015d). In our trials, kochia seed production, post barley 

senescence, was in excess of 200,000 seed m-2. As a general rule, barley develops faster 

and senesces earlier than spring wheat. In addition to these differences, we observed a 

reduction in the number of kochia plants surviving at the end of the season in the high-

density, barley plots (data not shown). This reduction in survival was not observed in any 



45 
 

 

other crop treatments and demonstrates just how intense the early season competition 

barley applied to kochia populations. 

The tremendous effects of barley on kochia occurred despite barley being a 

relatively short crop among the crop treatments. This suggests that parameters other than 

crop height are important contributors to the competitive ability of barley. Growth 

parameters such as tillering capacity, leaf angle, early season vigor and time to maturity 

were crop traits associated with competitiveness of cereal crops including barley 

(Murphy et al. 2008; Wicks et al. 2004; Mason et al. 2007; Seavers and Wright 1999; 

Drews et al. 2009; Lemerle et al. 2001b; Zhao et al. 2006a; Huel and Hucl 1996). 

Lemerle and colleagues highlighted vigorous early growth, root competitiveness and 

allelopathy as contributors to the competitiveness of barley and wheat cultivars against 

weeds (Lemerle et al. 2001). Although short wheat cultivars are less competitive against 

weeds than tall cultivars (Mason et al. 2008; Harker et al. 2009; Beres et al. 2010; Wickes 

et al. 1986), it is worth noting that amongst the most competitive wheat cultivars are 

several of the shortest cultivars as well.  In comparison among cereals, spring barley and 

winter cereals were found most effective crops in reducing the density and biomass (per 

unit area) of monocot and dicot weed species, with spring barley being most effective in 

suppressing dicot weeds and the winter cereals being most effective in suppressing 

monocot weeds (Beres et al. 2010). Replacement-series pot experiments conducted in the 

greenhouse showed that cool temperatures in combination with shade adversely affected 

kochia competitiveness (Fischer et al. 2000). This was attributed to the high energy cost 

of the C4 pathway in kochia as compared to the C3 pathway in cereals (Hatch 1970). On 
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the other hand, under warm, dry, shady conditions kochia had higher dark respiratory 

CO2 losses, lower net photosynthetic rates and lower water use efficiency as compared to 

wheat or barley (Fischer et al. 2000). Light interception by a leafy, cold-tolerant crop 

grown early in the season such as barley appears particularly effective in suppressing 

kochia establishment and development (Fischer et al. 2000). 

Soybean and sugar beet reduced kochia growth and fecundity compared to fallow 

treatment but the effects were not as dramatic as compared to the effects of barley or corn 

(Figure 3, Figure 4). Typically, kochia would outgrow soybean and sugar beet but not 

corn or barley. Kochia in soybean produced less biomass and seeds (both per plant and 

per unit area) than in sugar beet suggesting that soybean is more competitive than sugar 

beet. Studies have shown that soybean is not very competitive against weeds at early 

growth stages (Jannink et al. 2000) and soybean cultivars vary in their competitive 

abilities against different weeds (Zimdahl 2004). As much as 45% difference in weed 

biomass was observed among soybean cultivars tested (Rose et al. 1984).  Variation in 

soybean canopy width, height, area and volume were found to have no consistent 

relationship with soybean competitiveness against weeds (Bussan et al. 1997; Nordby et 

al. 2009).  Instead, competitiveness was found associated with the increased vegetative 

growth of late-maturing soybeans cultivars (Nordby et al. 2009).  To improve weed 

suppression by soybeans, recommendations that increase the rate of row closure have 

been suggested including decreasing soybean row width, and increasing planting density 

(Legere and Schreiber, 1989; Norsworthy and Shipe 2006).  
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Sugar beet had the least effect on kochia as compared to all other crops in this 

study. Kochia biomass and seed production were greatest in sugar beet, which was 

second only to fallow (Figure 3, Figure 4). Sugar beet is a poor competitor of kochia due 

to its low-stature and rosette growth habit (Kniss 2010; Sbatella et al. 2019).  Sugar beet 

is also particularly susceptible to competition from kochia with reductions in yield being 

observed even at low kochia densities (Mesbah et al. 1994; Schweizer 1973; 

Weatherspoon and Schweizer 1971) and late weed stand emergence (Schweizer and 

Dexter 1987; Rosso et al. 1996; Scott et al. 1979).  In the past, sugar beet sensitivity to 

weed competition and to the many different herbicides available for their control led to a 

complex weed management program involving mechanical weeding and several 

herbicide modes of action (May 2001). Despite their complexity, these herbicide 

regimens were only 32% effective against kochia, which is lower than those used in corn 

(99%), soybean (96%), winter wheat (93%) or fallow (97%) (Sbatella et al. 2019). As one 

can imagine, glyphosate resistant sugar beets dramatically changed the weed 

management landscape for this crop.  Unfortunately, glyphosate-resistant kochia 

populations have evolved in several sugar beet growing regions (Heap 2019) and multi-

pronged strategies for managing these are critically needed (Kniss 2010, Sbatella et al. 

2019).  

Kochia’s response to increasing kochia densities were complex.  As a general 

rule, kochia grew taller and produced less seeds plant-1 as densities increased (Table 2, 

Figure 2, Figure 4).  This observation was similar to previous work (Esser 2014; Osipitan 

and Dille 2017). In our study, seed production plant-1 started to be affected at a density of 
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13 and 24 plants m-2 (Table 2, Figure 4). This occurred regardless of fallow, soybean or 

sugar beet crop treatments indicating that weed to weed competition became significant 

at this point in these plant canopies.   With that said, it is important to emphasize that 

even though kochia seeds plant-1 were decreased as the result of increased kochia 

densities, the total biomass and total seeds produced per unit area (m2) were greatly 

increased by the higher kochia densities (Table 2). This indicates that high densities 

allowed kochia plants to better capture and exploit available resources. Interestingly, the 

patterns of kochia seed production observed in fallow, soybean and sugar beet were less 

pronounced in corn and barley plots, which may be an indication that crop on weed 

competition was greater factor on kochia performance than weed to weed competition 

regardless of kochia densities. 

Within this study, we were unable to isolate the competitive effects of the crop 

from the differences associated with each crop production practice.  This was impractical 

for planting dates, seed rates, row spacing, and fertilizer rate to name a few.  For 

simplicity, we chose to apply common local practices for each of these factors for each 

crop.  Choices for these factors as well as cultivar can admittedly have a significant 

outcome on kochia fecundity.  One factor we were able to isolate from kochia 

performances was herbicide choices.  As mentioned previously, herbicide options are an 

especially powerful contributor to kochia control under the various crops, particularly 

corn and barley.  Additionally, harvest dates were not considered in understanding the 

impacts of crops on kochia performance.  This may be not only for a particular crop but 

for crop usage as well i.e. hay barley and silage corn.  Recently, pulses (pea, lentil, and 
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chickpea) have gained in popularity within Montana.  How these crops relate to each 

other and to the crops used in this study would be of considerable interest especially 

given their relative sensitivity to herbicides.   

In conclusion, corn and barley were the most kochia suppressive crops. Corn’s 

effects on kochia were primarily on biomass, height, and seed production.  These effects 

were likely due to corn’s dense, tall canopy that effectively shaded the kochia stand.  The 

most dramatic effect barley had on kochia was in delaying in flowering until after barley 

senescence.  This presents an opportunity to virtually eliminate kochia seed production if 

post-senescence weed management practices are applied in a timely manner.  If not 

properly handled however, enough time and resources are available post barley 

senescence for kochia to produce a significant amount of weed seeds in the remainder of 

the cropping season.  Regardless of whether it is handled properly or not, kochia seed 

production under barley was still reduced relatively with soybean and sugar beet.  

Barley’s effects on kochia likely relate to its ability to rapidly grow and achieve row 

closure under cool conditions.  Soybean and sugar beet were not particularly competitive 

with kochia.  Between them, soybean was the better.  This may be enhanced by choosing 

later season cultivars and through narrow rows and higher seeding densities.  Given the 

advent of glyphosate resistant kochia and the particular sensitivity of sugar beets to 

weedy competition, kochia control under sugar beet is a particularly a troublesome issue.  

In the future, long rotations away from sugar beet and towards crops (and herbicides) that 

are more suppressive will likely play an important role in kochia management for sugar 

beet production. Taking advantage of the competitive abilities of crops is 
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environmentally sound. Its integration with other weed management strategies such as 

use of suppressive cultivars, cover crops, modified row width spacing, increased planting 

density and Harvest Weed Seed Control (HWSC) systems (Kniss et al. 2015; Walsh et al. 

2017), can be very effective in the long-term management of kochia seedbanks.  This 

project and its results are only one part of the answer in addressing the ever-evolving 

kochia weed problem. 
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 Figure 1. Kochia growth in fallow, 
sugar beet, soybean, barley and corn. 
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Table 1. Results of analysis of variance (split-plot) Showing F statistics and P values for eight response variables 
across six kochia densities in four crops (sugar beet, soybean, barley, corn) and fallow over two years.  

 

 

 

Response 

Variable 

Independent variable 

Crop Kochia density Interaction 

F P F P F P 

Width  941.3 <0.01 408.3 <0.01 10.2 <0.01 

Primary branches  590.3 <0.01 136.2 <0.01 4.02 <0.01 

Biomass plant-1  702.9 <0.01 271.8 <0.01 4.1 <0.01 

Biomass m-2  702.9 <0.01 799.4 <0.01 4.1 <0.01 

Seeds plant-1  4418 <0.01 822.6 <0.01 32.0 <0.01 

Seeds m-2  4418 <0.01 1004 <0.01 32.0 <0.01 

Height  999.6 <0.01 56.95 <0.01 1.20 0.26 

Days to flowering  1293.3 <0.01 0.12 0.98 0.11 1.00 
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Table 2.  Mean values for four crops and fallow averaged over six kochia densities, and six kochia densities averaged 
over four crops and fallow for kochia plant and seed characteristics averaged over two years when grown at Huntley, 
MT.  Where analyses were conducted with transformed values (log e), transformed means and HSD(α = 0.05) values are 
presented in italics.  In these instances, non-italicized means are reverse transformed values. 

Crop 

Final 
width 

 Primary 
branches 

 Biomass   
plant -1 

 Biomass 
m-2 

 Seeds 
plant-1 

 Seeds m-2  

m  no. plant-1  g  g  no.  no.  

Fallow 0.76 
-0.3 

a 53.3 a 600 
6.4 

a 18211 
9.8 

a 231979 
12.4 

a 7034239 
15.8  

a 

Sugar beet 0.53 
-0.6  

b 44.9 c 212 
5.4 

b 6430 
8.8 

b 45904 
10.7 

b 1391927 
14.1  

b 

Soybean 0.60  
-0.5 

c 50.3 b 177 
5.2 

c 5375 
8.6 

c 38029 
10.5 

c 1153256 
14.0  

c 

Barley 0.26  
-1.3 

e 25.7 d 107 
4.7 

d 3254 
8.1 

d 9392 
9.1 

d 284788 
12.6  

d 

Corn 0.37  
-1.0 

d 49.9 b 77 
4.4 

e 2363 
7.8 

e 5227 
8.6 

e 158498 
12.0  

e 

HSDα = 0.05 0.06  2.20  0.13  0.13  0.10  0.10  
             



 
 
 
 
Table 2. CONTINUED….. 
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Means followed by the same letter within columns are not different at Tukey-Kramer’s HSD (α = 0.05). 

 

Density Final 
width  Primary 

branches  Biomass   
plant -1  Biomass 

m-2  Seeds 
plant-1  Seeds m-2  

plants m-2 m  no. plant-1  g  g  no.  no.  

3 0.72 
-0.3 

a 54.2 a 414 
6.0 

a 1243 
7.1 

f 74787 
11.2 

a 224381 
12.3 

f 

13 0.59 
-0.5 

b 48.2 b 260 
5.6 

b 3377 
8.1 

e 51380 
10.8 

b 667904 
13.4 

e 

24 0.50 
-0.7 

c 45.5 c 198 
5.3 

c 4752 
8.5 

d 34362 
10.4 

c 824638 
13.6 

d 

47 0.44 
-0.8 

d 43.0 d 149 
5.0 

d 6989 
8.9 

c 23961 
10.1 

d 1126133 
13.9 

c 

94 0.38 
-1.0 

e 40.5 e 111 
4.7 

e 10388 
9.2 

b 16115 
9.7 

e 1514809 
14.2 

b 

188 0.31 
-1.2 

f 37.5 f 97 
4.6 

f 18241 
9.8 

a 11238 
9.3 

f 2112748 
14.6 

a 

HSDα = 0.05 0.07  2.44  0.14  0.14  0.12  0.12  
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Table 3. Results of the analysis of variance (split plot) showing F statistics and P values 
for kochia height, width and number of primary branches measured two weeks after 
kochia emergence and at three time periods (Time 1, 2, and 3) measured two weeks 
apart across six kochia densities in four crops (sugar beet, soybean, barley) and fallow 
over two years. 

 
Height 

Time 1 Time 2 Time 3 
F P F P F P 

Crop 125.7 <0.01 150.1 <0.01 962.1 <0.01 
Density 8.07 <0.01 5.78 <0.01 54.87 <0.01 
Interaction 0.53 0.95 0.24 0.97 1.15 0.30 

 
Width 

Time 1 Time 2 Time 3 
F P F P F P 

Crop 289.7 <0.01 200.0 <0.01 133.1 <0.01 
Density 7.03 <0.01 31.09 <0.01 57.7 <0.01 
Interaction 0.72 0.80 1.54 0.07 2.34 0.01 

 
Primary branches 

Time 1 Time 2 Time 3 
F P F P F P 

Crop 125.9 <0.01 190.2 <0.01 588.6 <0.01 
Density 6.93 <0.01 12.82 <0.01 136.0 <0.01 
Interaction 0.15 1.00 0.81 0.70 4.01 <0.01 
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Table 4.  Mean values for four crops and fallow averaged over six kochia densities, and six kochia densities averaged over four 
crops and fallow for kochia height, width and number of primary branches measured two weeks after kochia emergence and at 
three time periods (Time 1, 2, and 3) measured two weeks apart averaged over two years when grown at Huntley, MT.  Where 
analyses were conducted with transformed values (log e), transformed means and HSD(α = 0.05) values are presented in italics.  
In these instances, non-italicized means are reverse transformed values. 
Means followed by the same letter within columns are not different at Tukey-Kramer’s HSD at α = 0.05. 

 

 Height Width Primary branches 

Crop Time 1 Time 2 Time 3 Time 1 Time 2 Time 3 Time 1 Time 2 Time 3 
 m   m  no. plant-1 

Fallow 1.11 a 1.52 a 1.66 a 0.44 (-0.9) a 0.63 (-0.5) a 0.76 (-0.3) a 32.7 a 42.8 a 53.3 a 
Sugar 
beet 0.77 b 1.15 b 1.40 b 0.26 (-1.4) b 0.43 (-0.9) c 0.53 (-0.6) c 25.0 b 32.9 c 44.9 c 

Soybean 0.49 c 1.29 b 1.44 b 0.27 (-1.3) b 0.55 (-0.7) b 0.60 (-0.5) b 23.3 b 39.1 b 50.3 b 
Barley 0.51 c 0.59 c 0.69 c 0.07 (-2.8) c 0.14 (-2.1) d 0.26 (-1.1) e 16.2 c 21.1 d 25.7 d 
Corn 0.68 b 1.24 b 1.64 a 0.30 (-1.2) b 0.40 (-1.0) c 0.37 (-0.9) d 24.7 b 35.0 c 49.9 b 
HSD  0.106 0.135 0.017 0.202 0.215 0.065 2.468 2.864 2.156 
 

      

 

   

 Height Width Primary branches 
Density  Time 1 Time 2 Time 3 Time 1 Time 2 Time 3 Time 1 Time 2 Time 3 

m-2  m   m  no. plant-1 
3 0.60 c 1.04 b 1.23 d 0.35 (-1.3) a 0.64 (-0.6) a 0.74 (-0.4) a 26.4 a 38.1 a 54.2 a 
13 0.68 bc 1.10 ab 1.28 d 0.29 (-1.4) b 0.50 (-0.9) b 0.59 (-0.5) b 25.3 ab 35.5 ab 48.2 b 
24 0.71 abc 1.15 ab 1.35 c 0.26 (-1.5) b 0.40 (-1.0) c 0.50 (-0.6) bc 24.9 abc 34.3 bc 45.5 c 
47 0.72 ab 1.19 ab 1.39 bc 0.25 (-1.6) b 0.37 (-1.1) c 0.44 (-0.7) cd 24.2 abc 33.4 bc 43.1 d 
94 0.76 ab 1.21 a 1.43 b 0.24 (-1.6) b 0.35 (-1.3) c 0.38 (-0.9) de 23.2 bc 32.4 bc 40.5 e 
188 0.80 a 1.25 a 1.52 a 0.23 (-1.7) b 0.31 (-1.3) c 0.31 (-1.0) e 22.2 c 31.3 c 37.5 f 
HSD 0.120 0.153 0.018 0.229 0.243 0.07 2.796 3.247 2.443 



58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2. Mean kochia height (A) and days to flowering (B) responses to four crops and 
fallow averaged across six kochia densities and mean kochia height (C) response to six 
kochia densities averaged across four crops and fallow over two years when grown at 
Huntley, MT. Bars followed by the same letter within are not different at Tukey-
Kramer’s HSD (α = 0.05). 
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Figure 3. Mean kochia biomass plant-1 (A), biomass m-2 (B), number of primary branches (C) 
and kochia width (D) responses to six kochia densities in sugar beet, soybean, barley, corn and 
fallow over two years. Transformed values (log e) were used to compare means and the means 
(bars) reverse transformed. Bars followed by the same letter within a crop treatment are not 
different at Tukey-Kramer’s HSD (α = 0.05).
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Figure 4. Mean kochia seeds plant-1 (A) and seeds m-2 (B) responses to six kochia densities 
in sugar beet, soybean, barley, corn and fallow over two years.  Transformed values (log e) 
were used to compare means and the means (bars) reverse transformed. Bars followed by 
the same letter within a crop treatment are not different at Tukey-Kramer’s HSD (α = 0.05). 
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Appendices 

 

 

 

Appendix A. Sowing and emergence dates of crops and kochia in 2015 and 2016. 

 

 

 

 Trial 1 Trial 2 
Crop Sowing Emergence Sowing Emergence 

Fallow - - - - 
Kochia April 5, 2015 April 13, 2015 April 16, 2016 April 20, 2016 

Barley April 1, 2015 April 17, 2015 April 8, 2016 April 20, 2016 
Kochia April 5, 2015 April 13, 2015 April 8, 2016 April 17, 2016 

Sugar beet April 23, 2015 May 18, 2015 May 4, 2016 May 25, 2016 
Kochia April 26, 2015 May 16, 2015 May 7, 2016 May 20, 2016 

Soybean May 8, 2015 May 26, 2015 May 6, 2016 May 23, 2016 
Kochia May 8, 2015 May 21, 2015 May 9, 2016 May 21, 2016 

Corn May 5, 2015 May 21, 2015 May 5, 2016 May 18, 2016 
Kochia May 6, 2015 May 17, 2015 May 9, 2016 May 16, 2016 
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Appendix B. Experimental plot size and layout in 2015 and 2016. 
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Abstract 

Kochia is one of the top six most troublesome weeds of sugar beet. Poor control 

of kochia and few available herbicide modes of action in conventional sugar beet drove 

widespread adoption of Roundup Ready® (RR) sugar beet in the Northern Great Plains. 

Recent reports of glyphosate-resistant (GR) kochia populations from sugar beet fields 

have been increasing in the region. Increased copies of the EPSPS gene, the mechanism 

common among GR kochia populations, has been positively correlated with resistance 

level with no observed fitness cost. However, the considerable variation in EPSPS gene 

copies among individuals from within a single GR kochia population suggests differential 

response to high glyphosate selectivity. No information is available on the reproductive 

fitness of GR kochia in the presence of multiple applications of glyphosate at varying 

rates potentially experienced within a RR sugar beet field. Field experiments were 

conducted to test the hypothesis of reduced GR kochia fitness in the presence of 

increasing glyphosate selection. Inbred kochia seedlings with known EPSPS gene copy 

number (1 = susceptible; 2 to 4 = low resistance; 5 to 6 = moderate resistance;  ≥8 EPSPS 

copies = high resistance) were transplanted in the field. Sequential applications of 

glyphosate (total rates) included: 0, 108,  217, 435, 870, 1,740 [870 followed by (+) 870], 

2,214 [1,265 + 949], 3,084 [1,265 + 949 + 870], and 3,954 [1,265 + 949 + 870 + 870] g 

ae ha-1 of glyphosate with ammonium sulfate (2% w/v) added to all applications. 

Sequential applications were done 7 to 14 days apart, simulating POST applications in 

RR sugar beet. No differences were observed for time before flowering and seed set, 

pollen and seed viability regardless of resistance level or glyphosate dose, except for 
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1000-seed weight and radicle length which were greater in the susceptible compared to 

the resistant. A single application of 870 g ae ha-1 provided 100% control for kochia with 

1 EPSPS gene copy. Two sequential applications with a total of 2,214 g ae ha-1 provided 

98 and 95% control for kochia with 2-4 and 5-6 EPSPS gene copies, respectively. 

However, four sequential applications with a total dose of 3,954 g ae ha-1 only provided 

31% control for kochia with ≥8 EPSPS gene copies. Based on log-logistic model, the 

estimated SR99 value (glyphosate dose needed to reduce seed number by 99%) was 1,902 

and 2,130 g ae ha-1 for kochia with 2-4 and 5-6 EPSPS gene copies, respectively, but was 

>4,000 g ae ha-1 for kochia with ≥8 EPSPS gene copies. Relative fitness (w) of kochia 

with 2-4 and 5-6 EPSPS gene copies was 0 (failed to produce offspring) when total 

glyphosate applied was 2,214 g ae ha-1. However,  3,954 g ae ha-1 of total glyphosate 

applied reduced fitness of kochia with ≥8 EPSPS gene copies (w = 0.46) compared to 

one-time application of 870 or 1,305  g ae ha-1 (w = 0.74 and w = 0.73, respectively). In 

conclusion, higher glyphosate rates (at timely sequential applications) could potentially 

reduce the fitness of GR kochia. However, highly-resistant kochia (≥8 EPSPS gene 

copies) needs to be mechanically removed before seed set if evolved in RR sugar beet. 

 

 

Keywords: glyphosate-resistant sugar beet, relative fitness, kochia, glyphosate-resistance, 

sequential applications 
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Introduction 

 

Kochia [Bassia scoparia (L.) A. J. Scott] is ranked as one of the top six most 

troublesome weeds of sugar beet (Beta vulagris L.) (Van Wychen 2016, 2017).  Sugar 

beet is particularly sensitive to competition with kochia with significant reductions in 

sugar beet root yield being observed due to kochia interference even at low kochia 

densities and late weed stand emergence (Mesbah et al. 1994; Schweizer 1973; 

Weatherspoon and Schweizer 1971; Schweizer and Dexter 1987; Rosso et al. 1996; Scott 

et al. 1979). Kochia is also harder to control in sugar beet than in corn (Zea mays L.) , 

soybean [Glycine max (L.) Merr.], wheat (Triticum aestivum L.) or fallow cropping 

systems (Sbatella et al. 2019). The narrow spectrum of herbicide modes of action 

available for kochia control in sugar beets and the poor control they achieved in 

conventional sugar beet drove the rapid and widespread adoption of Roundup Ready® 

sugar beet in the Northern Great Plains (Fernandez-Cornejo et al. 2016; Kniss 2010). 

Unfortunately, glyphosate-resistant kochia has been confirmed in wheat-fallow, corn, 

sugar beet, soybean, cotton and sorghum cropping systems in ten US states and three 

Canadian provinces. At least three states in the US (ID, OR and WY) have confirmed 

cases of glyphosate-resistant kochia populations that evolved in sugar beet fields (Heap 

2020). From 2013 to 2015, additional glyphosate-resistant kochia populations have been 

confirmed in glyphosate-resistant sugar beet fields in MT, WY, NE, and CO 

(unpublished data). No alternative post-crop emergence herbicide is as effective as 

glyphosate for kochia control in sugar beet, leaving growers in these states vulnerable to 

kochia related losses.  
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The mechanism most commonly responsible for glyphosate resistance in kochia 

populations is a duplication of the EPSPS gene that codes for the 5-enolpyruvyl-

shikimate-3-phosphate synthase (EPSPS) enzyme, the enzyme inhibited by glyphosate 

(Wiersma et al. 2015; Heap 2020). Gene amplification and overexpression of the target 

EPSPS enzyme results in an abundance of uninhibited EPSPS that carries on the essential 

plant metabolic function thereby conferring resistance to the herbicide (Powles and 

Preston 2006; Powles 2010; Powles and Yu 2010). Independent studies with different 

kochia populations showed that glyphosate resistance level becomes greater with the 

increase in the genomic EPSPS gene copy number (Jugulam et al. 2014; Godar et al. 

2015; Kumar and Jha, 2015). Fitness studies conducted in the greenhouse between inbred 

lines of glyphosate-resistant (GR) and glyphosate-susceptible (GS) kochia under 

intraspecific competition showed no differences in growth and reproductive parameters in 

the absence of glyphosate (Kumar and Jha, 2015). This implies there is no cost associated 

with over expression of EPSPS gene. The same fitness response was observed in 

glyphosate-resistant Amaranthus palmeri and glyphosate-resistant Lolium perenne ssp. 

multiflorum (Vila-Aiub et al. 2014; Salas et al. 2012; Kumar et al. 2015). Unlike in 

glyphosate-resistant Amaranthus palmeri, where the massive EPSPS gene amplification 

(2 to 160-fold) additively conferred greater resistance, small increases in the EPSPS gene 

copy number in conjunction with minor alterations in EPSPS gene expression  (i.e. 

enhanced transcription factor) was sufficient to confer resistance in glyphosate-resistant 

kochia (Wiersma et al. 2015). With that said, the considerable amount of variation in 

EPSPS gene copy number among individuals from within a single glyphosate-resistant 
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kochia population suggests that there could be a differential response among these 

individuals to various rates of glyphosate (Kumar and Jha 2015). Product labels of 

glyphosate (i.e. Roundup PowerMAX®, Roundup PowerMAX®II) allow a total of 3,954 

g ae ha-1 of post-crop emergence application of glyphosate in glyphosate-resistant sugar 

beet. The registration allows 2,214 g ae ha-1 of glyphosate from crop emergence to 8-leaf 

stage of sugar beet and 1,740 g ae ha-1 of glyphosate from 8-leaf stage to canopy closure 

or 30 days prior to sugar beet harvest. Considering the degree on how widely glyphosate-

resistant sugar beet was adopted and how glyphosate became the primary tool for broad-

spectrum weed control in glyphosate-resistant sugar beet, it is important to know how 

glyphosate applications impact the population dynamics of glyphosate-resistant kochia 

populations in sugar beet fields. So far, there is no information on the fitness of 

glyphosate-resistant kochia in the presence of multiple applications of glyphosate at 

varying rates in glyphosate-resistant sugar beet. Our goal is to determine the survival, 

fecundity and population dynamics of glyphosate-resistant kochia with low to high levels 

of resistance (based on genomic EPSPS gene copy number) in response to varying 

glyphosate selection pressures potentially experienced within a Roundup Ready® sugar 

beet field. To accomplish this, we will quantify the differential survival, reproduction and 

progeny seed vigor of glyphosate-resistant kochia genotypes in response to sequential 

applications of increasing total glyphosate doses in simulation of in-crop applications of 

glyphosate in glyphosate-resistant sugar beet.  

 

 



79 
 

 

Materials and Methods 

A field study on the reproductive fitness of glyphosate-resistant kochia in the 

presence of glyphosate was conducted in the summers of 2015 and 2016 at Montana State 

University – Southern Agricultural Research Station (MSU-SARC) at Huntley, Montana.  

Plant Material. A kochia population segregating for glyphosate resistance, 

designated as MT009 (45°54′54.76″N, 108° 14′44.15″W), collected from a wheat field in 

Hill County north-central Montana in 2013, was used to develop the glyphosate-

susceptible and glyphosate-resistant kochia plants. The farm field where the population 

was taken had a history of repeated glyphosate applications of more than 8 years with at 

least three glyphosate applications per year to control weeds in the summer fallow prior 

to winter wheat planting in the fall. This kochia population became the source of planting 

materials for this field study. In the greenhouse at MSU-SARC, seedlings from the 

population were grown in trays (53 by 35 by 10 cm) filled with commercial potting soil 

(VermiSoilTM, Vermicrop Organics, 4265 Duluth Avenue, Rocklin, CA, USA). The 

conditions inside the greenhouse were maintained at 25/20 ± 2oC day/night temperatures 

with 16/8-h day/night photoperiods and light supplemented by metal-halide lamps 

emitting light at 550 µmol m-2 s-1. The seedlings were fertilized (Miracle-Gro water-

soluble fertilizer [24-8-16], Scotts Miracle-Gro Products Inc., 4111ScottslawnRoad, 

Marysville, OH) every two weeks and watered as needed. Herbicide applications to the 

seedlings were done inside a stationary cabinet spray chamber (Research Track Sprayer, 

De Vries Manufacturing, RR 1 Box 184, Hollandale, MN) equipped with a flat-fan 
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nozzle tip (TeeJet 8001XR, Spraying System Co., Wheaton, IL), calibrated to deliver 94 

L ha-1 at 276 kPa. 

Development of glyphosate-susceptible  and glyphosate-resistant kochia lines. 

To develop the kochia lines from population MT009, recurrent group selection procedure 

was done to derive plant materials near homogenous for genetic background. To 

accomplish this, a total of 200 seedlings from the population MT009 were grown in the 

greenhouse at MSU-SARC. Clones from each seedling were made prior to glyphosate 

application. To make the clones, a branch from the seedling was cut. Excess leaves on the 

branch were removed (to minimize transpiration) and the basal end of the branch was 

dipped in a rooting hormone (Miracle-Gro Fast Root Powder, Scotts Miracle-Gro 

Products Inc., 4111 Scottslawn Road, Marysville, OH). The clone was then transplanted 

into a 10-cm diameter pot filled with commercial potting soil. This allowed roots to 

develop, produce new leaves and regrow into a whole plant. A week after cloning, the 

original seedlings (8 to 10 cm tall) were sprayed with glyphosate at rates of 435 (0.5X), 

870 (1X), 1,740 (2X) g ae ha-1 with ammonium sulfate (2% w/v) added. The survivors of 

the 2X rate of glyphosate application were considered resistant and the non-survivors of 

1X rate of glyphosate were considered susceptible. The survivors (resistant) and the 

clones from the non-survivors (susceptible), were transplanted separately in 20-L pots 

filled with potting soil with 3-4 plants pot-1 for seed production. The plants in each pot 

were collectively covered with a single pollination bag (DelStar Technologies, Inc., 601 

Industrial drive, Middletown, DE 19709) prior to flower initiation to allow restricted 

cross-pollination and prevent inbreeding depression. At maturity, seeds from the 
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glyphosate-resistant and glyphosate-susceptible kochia were collected and cleaned 

separately using an air column blower. The seeds were subjected to three generations of 

recurrent group selection with at least 2X rate of glyphosate applied in each generation. 

For the susceptible plants, a sample of seedlings from the GS line were grown and 

sprayed with 1X rate of glyphosate to confirm susceptibility to glyphosate from each 

generation (Kumar and Jha, 2017). The procedure allowed the development relatively 

genetically homogenous glyphosate-resistant (GR) and glyphosate-susceptible GS lines 

from a single kochia population. 

Determination of relative EPSPS gene copy number. Established protocols 

were followed to estimate the relative genomic EPSPS gene copy number through 

quantitative real-time polymerase chain reaction or qPCR (Gaines et al. 2010; Wiersma et 

al. 2015; Kumar et al. 2015). To account for variation in DNA preparations, the EPSPS 

gene copy number was normalized to a reference gene ALS (encodes for acetolactate 

synthase). The ALS gene was used as reference since the relative ALS gene copy number 

and transcript abundance do not vary across kochia samples (Gaines et al. 2010; Wiersma 

et al. 2015; Kumar et al. 2015). Relative EPSPS:ALS gene copy number is a ratio of 

EPSPS to ALS PCR product fluorescence. Due to small differences in amplicon size, 

qPCR run conditions, and fluorescence detection the values presented estimates of 

relative gene copy number (Gaines et al. 2010). A total of 600 seedlings from the 

glyphosate-resistant and glyphosate-susceptible kochia lines developed by recurrent 

group selection, were grown in a greenhouse at MSU-SARC at Huntley, MT. At 4-6 cm 

tall, young leaf tissues (100 mg) were sampled from each seedling, quickly froze with 



82 
 

 

liquid nitrogen and grounded into powder using mortar and pestle. Genomic DNA were 

extracted from the tissue samples using the protocol from Qiagen DNeasy plant mini kit 

(Qiagen Inc., Valencia, CA). Genomic DNA quantity  and quality were determined using 

a SmartSpec plus spectrophotometer (Bio-Rad Company) and gel electrophoresis with 

1% agarose, respectively. High quality genomic DNA (260/280 ratio of ≥1.8) were used 

to determine the relative EPSPS gene copy number. The sets of primers necessary to 

amplify the EPSPS and ALS genes during qPCR process, the volume and reagents used 

for each qPCR reaction, and the qPCR conditions used in this study were the same as 

described by Kumar and Jha 2015. The primer efficiency was estimated to be 102% for 

EPSPS and 101% for ALS.  The reaction efficiency for qPCR was estimated to be 101%.  

Each qPCR reaction was done on a Bio-Rad 96-well PCR plate with 3 replications and 

fluorescence was detected using CFX Connect Real-Time PCR detection system (Bio-

Rad Company). A negative control consisting of 250 nM of each primer, SYBR green 

supermix, and deionized water with no DNA template was included. The EPSPS genomic 

copy number relative to ALS gene was quantified by ΔCT method (ΔCT = CT, ALS–CT, 

EPSPS) (Gaines et al. 2010; Wiersma et al. 2015). The relative increase in the EPSPS 

gene copy number was calculated as 2ΔCT. 

Experimental Design and Treatments. The seedlings with known relative 

EPSPS gene copy number were transplanted into the experimental field at 4-6 cm tall. 

The design was a two-factorial experiment (Factor A and Factor B) with treatment 

combinations laid out in a randomized complete block with 6 replications. Each 

transplanted kochia plant is an experimental unit. Factor A (4 levels) was kochia plants 
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with 1, 2 to 4, 5 to 6, and ≥8 relative EPSPS gene copy numbers grouped as susceptible, 

low, moderate and highly resistant kochia plants, respectively. Factor B (9 levels) was the 

increasing total glyphosate dose applied sequentially. The total glyphosate doses were 0, 

108,  217, 435, 870, 1,740 [870 followed by ( + ) 870], 2,214 [1,265 + 949], 3,084 [1,265 

+ 949 + 870], and 3,954 [1,265 + 949 + 870 + 870] g ae ha-1 of glyphosate with 

ammonium sulfate (2% w/v) added to all glyphosate applications. The sequential 

applications were done at 7 to 14-day intervals, with first application done to 8- to 10-cm 

tall kochia seedlings using a backpack sprayer fitted with a single 8001 flat-fan nozzle 

calibrated to deliver 94 L ha-1 to simulate glyphosate applications at 2-leaf, 6-leaf, 8-10 

leaf, and the canopy stage of glyphosate-resistant sugar beet. In 2015, the sequential 

glyphosate applications were done on June 30, July 14, July 25, and August 5. In 2016, 

the sequential applications were done July 18, July 25, August 1, and August 8. 

Data collection. The seedlings transplanted in the field were equally spaced at 1.5 

m apart from each other in all directions. Kochia plants were fertilized every two weeks 

and irrigated every week to negate competition effects between kochia plants if any. 

Percent control ratings on individual plants were done at 7, 14, and 21 days after each 

glyphosate dose application. Dates of when the individual plants were first observed to 

first flower and set seeds were recorded. The individual plants were covered with 

pollination bags prior to flowering to prevent gene flow. At the time of flowering, pollens 

from individual plants were collected in the morning from 8:00 am to 10:00 am and 

subsequently tested for viability using tetrazolium test. At maturity, the individual plants 

were cut from the base and processed for seeds to determine 1000-seed weight and seed 
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production plant-1. The seeds collected from individual plants were tested for viability 

and seedling vigor in the physiology laboratory at MSU-SARC. 

Pollen viability, seed viability and seed vigor. Pollens and seeds collected from 

individual kochia plants from the field were tested for viability through germination test. 

Seeds were tested for seedling vigor by measuring radicle length 24 hours after 

incubation. Pollens were collected by cutting a slit on the side of the pollination just 

enough to slide-in a petri dish. The whole kochia plant was then rigorously shaken to 

collect the pollens into the petri dish while keeping the slit on the side of the pollination 

bag closed. The petri dish with pollens was taken out of the pollination bag and the cut 

slit resealed using an adhesive tape. The pollens were taken to the physiology laboratory 

at MSU-SARC and tested for viability. Four sub-samples of pollens from each petri dish 

were transferred into glass slides. The pollens in the glass slides were soaked with a 

tetrazolium chloride solution (10 g L-1), sealed with a cover slip using a nail polish and 

incubated at room temperature for an hour. Viable (red) and non-viable pollens (yellow-

white) were counted using a simple microscope. Physical structure of the viable and non-

viable pollens was also checked closely for deformity using a compound microscope. 

Pollen viability for individual plants was calculated as percent viable pollens of the total 

number pollens counted. For seed viability test, twenty-five intact seeds collected from 

each individual kochia plant from the field, were evenly placed in between two layers of 

filter papers (Whatman® Grade 2, SigmaAldrich, St Louis, MO 63178) inside a 10-cm-

diameter petri dish (Sigma-Aldrich). The seeds were soaked with 5 ml of distilled water 

and the filter papers kept moist for the entire duration of the germination test. Light is not 
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required for kochia seed germination (Everitt et al. 1983), so the petri dishes were 

wrapped with a thin foil and placed inside an incubator (VMR International, Sheldon 

Manufacturing, Cornelius, OR 97113) with alternating day/night temperatures set to 

20/25oC. Seeds with a visible uncoiled radicle tip longer than the seed’s diameter was 

considered germinated (Dyer et al. 1993; Young et al. 1981). Radicle length were 

measured from three random germinated seeds 24 hours after incubation. The number of 

germinated seeds in each petri dish were counted daily until no germination was 

observed. Non-germinated seeds were tested for viability by soaking the seeds with 

tetrazolium chloride solution (10 g L-1) for 24 hours (Kumar and Jha 2017; Sbatella and 

Wilson 2010). Seeds with a red-stained embryo examined under a dissecting microscope 

(10-fold magnification) was considered viable (Thompson et al. 1994). Seed viability was 

expressed as the percentage of total viable seeds for each factorial treatment.  

Data Analysis. Natural logarithm transformation was done on observations taken 

for time to flowering, time to set seeds, seeds plant-1 and arcsine square root 

transformation was done on observations taken for pollen viability, visible control, seed 

viability and relative fitness (w) before being subjected to analysis of variance test except 

for observations taken for 1000-seed weight and radicle length. Trial year, EPSPS gene 

copy number group, total glyphosate dose and their interactions were considered fixed 

effects while replication (year) was considered a random effect in the analysis of 

variance. Data on relative plant vigor (percent control), reproduction (time to 50% 

flowering, pollen viability, time to seed set, 1000-seed weight and seed production plant-

1) and progeny (seed viability and seed radicle length) were subjected to ANOVA using 
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PROC MIXED in SAS (SAS® version 9.4, SAS Institute, Cary, NC 27513) to test for 

significance of experimental runs, replications, treatment factors, and interactions. The 

ANOVA assumptions for normality of residuals and homogeneity of variance were tested 

using PROC UNIVARIATE and PROC GLM in SAS (Statistical Analysis Systems®, 

version 9.3, SAS Institute Inc., SAS Campus Drive, Cary, NC 27513). Means were 

separated using Tukey-Kramer’s HSD  with α = 0.05. To model fit the response data on 

percent control and seed production plant-1 of the kochia groups (EPSPS gene copy 

number) over total glyphosate dose (total glyphosate or dicamba dose applied), a four-

parameter log-logistic model (Equation 1) was used through the ‘drc’ package in R 

software (Ritz and Streibig 2005; Ritz et al. 2015). 

Equation 1   Y = c + {d – c / {1+exp [b (log(x) – log (ED50))]} 

Where y is the percent control and seed production plant-1 over glyphosate; d is 

the maximum response; c is the minimum response; ED50 is the effective dose of 

glyphosate or needed to achieve 50% control or 50% reduction in seed production; and b 

denotes the slope around the inflection point “ED50.” Slope parameter (b) indicates the 

response rate of each kochia group (EPSPS gene copy number group) over glyphosate 

(i.e. a slope with a large negative value suggests a rapid response of selected kochia 

group). The Akaike Information Criterion (AIC) was used to select the nonlinear four-

parameter model. A lack-of-fit test (p>0.10) was used to confirm that the nonlinear 

regression model (Equation 1) described the response data for each kochia group (Ritz 

and Streibig 2005). Parameter estimates, ED90, and SR90 values (i. e. effective dose 

required for 90% control or effective dose required for 90% reduction in seed production 
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of the maximum response [d] ) for each kochia group were determined using the ‘drc’ 

package in R software (Knezevic et al 2007;Ritz and Streibig 2005). Parameter estimates 

of kochia groups at each herbicide dose were compared using the approximate t-test with 

the ‘compParm’ and ‘EDcomp’ functions in the ‘drc’ package of the R software 

(Knezevic et al. 2007; Ritz et al. 2015).  

Relative fitness (w). Fitness is the evolutionary potential for success of a 

genotype based on survival, competitive ability, and reproduction. Individuals with the 

greatest number of offspring and with the most genes contributed to the gene pool of a 

population are considered most fit genotypes (Radosevich et al. 1997). Fitness of a 

genotype is determined by comparison of its vigor, productivity or competitiveness 

relative to the vigor, productivity or competitiveness of the other genotype by quantifying 

specific traits such as seed dormancy, flowering date, seedling vigor, seed production, 

and all other factors that can influence the survival and reproductive success of a 

genoptype (Radosevich et al. 1997; Warwick and Black 1994). In this study, Relative 

fitness (w) of glyphosate-resistant kochia was calculated as the reproductive rate (seed 

production plant-1) of a resistant genotype (kochia plants with 2-4, 5-6, and ≥8 EPSPS 

gene copies) relative to the maximum reproductive rate of the susceptible genotype 

(kochia plants with 1 EPSPS gene copy) in the population. The relative fitness (w) of the 

susceptible plants was assumed to be 1. 
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Results and Discussion 

Results from the two trial years and treatment by year interactions were not 

different across the response variables (PROC MIXED Type 3 ANOVA test) and 

variances were homogenous (PROC UNIVARIATE and Levene’s test in PROC 

GLM)(Statistical Analysis Systems®, version 9.4, SAS Institute Inc., SAS Campus 

Drive, Cary, NC, USA). There were no interactions among trial years and fixed effects or 

interactions among trial years and random effects across the response variables; hence, 

data were combined across years.  

Differential response across increasing total glyphosate rates was observed from 

kochia plants with differing relative EPSPS gene copy number groups. Kochia plants 

with ≥2 EPSPS gene copies survived 870 g ae ha-1 (1X rate) of total glyphosate dose but 

kochia plants with 1 EPSPS gene copy did not, thus, except for percent control and seed 

production, there were no observations available for all the other response variables from 

kochia plants with 1 EPSPS gene copy that received ≥870 g ae ha-1 of glyphosate. In the 

results of analysis of variance, more importance has been given for data observations 

taken from the 0 (zero) and ≥870 g ae ha-1 of total glyphosate doses across EPSPS gene 

copy number, since 870 g ae ha-1 of glyphosate is the minimum recommended use rate in 

glyphosate-resistant sugar beet. At zero glyphosate dose, EPSPS gene copy number had 

no significant effect on kochia time to flowering (p =0.17, [36-40 days after 

transplanting] ), time to set seeds (p = 0.18, [57-61 days after transplanting] ), pollen 

viability (p = 0.23, [56-100 %] ), seeds plant-1 (p = 0.94, [42,000-72,000 seeds plan-1] ), 

and seed viability (p = 0.41, [72-100 %]) but had a significant effect on 1000-seed weight 

and radicle length (all p<0.01) (Table 5). On the average, 1000-seed weights of kochia 
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plants with 2-4, 5-6 and ≥8 EPSPS gene copies were comparable to each other (0.57, 0.59 

and 0.63 g, respectively) but were lower compared to the average 1000-seed weight of 

kochia plants with 1 EPSPS gene copy (0.85 g) at Tukey-Kramer’s HSDα(0.05) = 0.09. 

Similarly, the average radicle length from seeds of kochia plants with 2-4, 5-6, and ≥8 

EPSPS gene copies were comparable to each other (0.42, 0.43 and 0.51 cm, respectively) 

but were lower compared to the average radicle length from seeds of kochia plants with 1 

EPSPS gene copy (0.74 cm) at Tukey-Kramer’s HSDα(0.05) = 0.17. This suggests that 

susceptible kochia plants (those with 1 EPSPS gene copy) over time will have a better 

chance to persist due to better progeny seedling vigor in the absence of glyphosate 

selection, but nevertheless, the high outcrossing nature of kochia and the flow of 

resistance genes facilitated through shedding of equally viable pollens from resistant 

kochia plants if present in the field would suggests there could still be a considerable 

amount of next generation individuals in the field that are glyphosate resistant even if the 

use of glyphosate is discontinued.  

In the case of resistant kochia plants (those with 2-4, 5-6, ≥8 EPSPS gene copies), 

neither the EPSPS gene copy number nor the total glyphosate dose rates (0 to 3,954 g ae 

ha-1 of glyphosate) and their interaction had a significant effect on kochia time to 

flowering (p=0.14, p=0.98, and p=0.46, respectively), time to set seeds (p=0.44, p=0.72, 

and p=0.77, respectively), pollen viability (p=0.07, p=0.87, and p=0.16, respectively), 

1000-seed weight (p=0.08, p=0.92, and p=0.96, respectively), seed viability (p=0.54, 

p=0.42, and p=0.22, respectively) and radicle length (p=0.93, p=0.69, and p=0.64, 

respectively) (Table 6). This suggests that seedling vigor of progeny from glyphosate-
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resistant kochia plants will be the same regardless of glyphosate dose (absent or present) 

and if let to set seed could potentially build up resistance very rapidly in just a few years 

due to pollen mediated gene flow of the resistance genes since glyphosate selection had 

no effect on pollen viability regardless of glyphosate rates.  The range for time to 

flowering was 36-43 days after transplanting, time to set seeds was 57-63 days after 

transplanting, pollen viability was 64-100%, 1000-seed weight was 0.47-0.77 g, seed 

viability was 92-100%, and radicle length was 0.31-0.64 cm across EPSPS gene copy 

number and total glyphosate dose rates. However, the EPSPS gene copy number and total 

glyphosate dose and their interaction have had a significant effect on kochia percent 

control, seed production, and relative fitness (all p = <0.01, Table 6).  

Percent Control. The main effects, relative EPSPS gene copy number and total 

glyphosate dose, were significant for kochia control. Averaged across total glyphosate 

dose rates, kochia control was 80, 37, 32, and 5.7 % for kochia plants with 1, 2-4, 5-6, 

and ≥8 EPSPS gene copies, respectively, which were different from each other at Tukey-

Kramer’s HSDα(0.05) = 0.15. Averaged across EPSPS gene copy number groups, kochia 

control was 0, 25, 28, 52, 74, 79, and 83% for total glyphosate dose of 0, 870, 1305, 

1740, 2214, 3084, and 3954 g ae ha-1, respectively, which were different from each other 

at Tukey-Kramer’s HSDα(0.05) = 0.79. The effect of total glyphosate dose rate by EPSPS 

gene copy number group on kochia control was significant (P < 0.01, Table 6). The lack-

of-fit test showed that the four-parameter log-logistic model adequately described the 

data for percent control (p = 0.80, Figure 5). A single application of 870 g ae ha-1 of 

glyphosate provided 100% control of kochia plants with 1 EPSPS gene copy and 0 (zero) 
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control for kochia plants with ≥2 EPSPS gene copies. A single application 1,305 g ae ha-1 

of glyphosate provided 11.5 % control of kochia plants with 2-4 EPSPS gene copies and 

no control of kochia plants with ≥5 EPSPS gene copies. Two sequential applications of a 

total of 1,740 g ae ha-1 of glyphosate provided 72% control for kochia plants with 2-4 

EPSPS gene copies, 36% control for plants with 5-6 EPSPS gene copies and <5% control 

for plants with ≥8 EPSPS gene copies. But when two sequential applications of a total of 

2,214 g ae ha-1 of glyphosate were done, it provided 98% and 95% control of plants with 

2-4 and 5-6 EPSPS gene copies, respectively, however control was only <10% for plants 

with ≥8 EPSPS gene copies. Even with four sequential applications of a total dose of 

3,954 g ae ha-1 of glyphosate (maximum label use rate in-crop for glyphosate-resistant 

sugar beet in one growing season), control of kochia plants with ≥8 EPSPS gene copies 

was only 31% on the average. Results from the dose response analysis using the four-

parameter log-logistic model (Table 7) showed that the ED90 values or the total 

glyphosate dose needed to achieve 90% control was estimated to be 1,971 and 2,123 g ae 

ha-1 of glyphosate for kochia plants with 2-4 and 5-6 EPSPS gene copies, respectively. 

For kochia plants with ≥8 EPSPS gene copies, the total dose needed to achieve 90% 

control was  estimated to be >4,000 g ae ha-1 of glyphosate indicating very high 

resistance and may not be controlled if present in glyphosate-resistant sugar beet.  

Seed Production. The main effects, relative EPSPS gene copy number and total 

glyphosate dose, were significant for seed production. Averaged across total glyphosate 

doses, seed production was 15,904, 30,070, 33,591, and 49,524 seeds plant-1 for kochia 

with 1, 2-4, 5-6, and ≥8 EPSPS gene copies, respectively, which were different from each 
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other at Tukey-Kramer’s HSDα(0.05) = 7.74. Averaged across EPSPS gene copy number, 

seed production was 55,582, 39,452, 31,292, 16,167, 11,974, 11,066, and 8,089 seeds 

plant-1 at total glyphosate doses of 0, 870, 1,305, 1,740, 2,214, 3,084, and 3,954 g ae ha-1, 

respectively, which were different from each other at Tukey-Kramer’s HSDα(0.05) = 8.36. 

Results of the lack-of-fit test showed that the four-parameter log-logistic model described 

the data for seed production (p = 0.50, Figure 6). In the absence of glyphosate (zero 

dose), seed production was the same across kochia plants regardless of EPSPS gene copy 

number. This suggest that the progeny frequencies between the susceptible and resistant 

kochia plants could remain the same in the field even with discontinued use of 

glyphosate. Results from the dose response analysis for the fitted model (Table 7) showed 

that the SR90 values or the total glyphosate dose needed to reduce seed production by 

90% was estimated to be a total dose of 1,902 and 2,130 g ae ha-1 of glyphosate for plants 

with 2-4 and 5-6 EPSPS gene copies, respectively. SR90 value for kochia plants with ≥8 

EPSPS gene copies was estimated to be >4,000 g ae ha-1 of total glyphosate which 

indicates seed production in highly-resistant plants may not be prevented even with four 

sequential applications of the maximum label use rate of glyphosate (total of 3,954 g ae 

ha-1 of glyphosate) in a glyphosate-resistant sugar beet field. However, seed production of 

kochia plants with 2-4 and 5-6 EPSPS gene copies that emerge before the 2-leaf stage of 

sugar beet can be prevented with three sequential applications of a total dose of 3,084 g 

ae ha-1 of glyphosate.  

Relative Fitness (w). Relative EPSPS gene copy number and total glyphosate 

dose have had a significant effect on the relative fitness of glyphosate-resistant kochia 
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with 2-4, 5-6, and ≥8 EPSPS gene copies (Table 8). Averaged across total glyphosate 

doses rates, the relative fitness was 0.43, 0.48 and 0.71 for kochia plants with 2-4, 5-6, 

and ≥8 EPSPS gene copies, respectively, which were different from each other at Tukey-

Kramer’s HSDα (0.05) = 0.03. Averaged across EPSPS gene copy number (2-4, 5-6, and 

≥8), relative fitness was 0.79 (a), 0.73 (a), 0.60 (b), 0.30 (c), 0.23 (d), 0.21 (de), and 0.15 

(e) at total glyphosate doses of 0, 870, 1305, 1740, 2214, 3084, and 3954 g ae ha-1, 

respectively (mean values were reverse transformed, means followed by same letter in 

parenthesis are not different at Tukey-Kramer’s HSDα (0.05) = 0.07). This implies that in 

the presence of glyphosate, on average, resistant plants will produce offspring at 15 to 

73% of the rate of kochia plants with the most successful genotype (those with 1 EPSPS 

gene copy [susceptible] with a w of 1.0 in the absence of glyphosate). In the presence of 

glyphosate selection at a total dose of 2,214 g ae ha-1 of glyphosate, kochia plants with 2-

4 and 5-6 EPSPS gene copies are not fit (both have w = 0; failed to produce offspring) 

(Table 8). Although four sequential applications of glyphosate applied at a total dose of 

3,9543 g ae ha-1 provided little control (31%) of kochia plants with ≥8 EPSPS gene 

copies, there was a significant reduction in their relative fitness (w = 0.46) compared to 

their fitness at one time applications of 870 or 1,305  g ae ha-1 of glyphosate (w = 0.74 

and w = 0.73, respectively) (Table 8). Selection coefficient (s = 1-w) is the measure of the 

relative strength of the selection agent acting against a genotype (Adam et al. 2008). It 

was 1.0 when glyphosate was applied sequentially at a total 2,214 g ae ha-1 on resistant 

plants with 2-4 or 5-6 EPSPS gene copies, respectively. The magnitude of fitness 
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reduction for the glyphosate-resistant plants with low to moderate levels of resistance was 

100% in the presence of  2,214 g ae ha-1 of glyphosate.   

Based on the results, sequential applications of at least a total of 2,214 g ae ha-1 or 

higher of glyphosate could prevent seed production of glyphosate-resistant kochia with 

low to moderate resistance in glyphosate-resistant sugar beet fields. However, the highly-

resistant kochia (with ≥8 EPSPS gene copies) will not be controlled even with four 

sequential applications of a total dose of 3,954 g ae ha-1 of glyphosate. These plants 

should be mechanically removed before they set seeds when present in glyphosate-

resistant sugar beet. A zero-tolerance approach against seed production from glyphosate-

resistant plants should be adopted since any survivors is more likely be resistant and their 

offspring could increase the probability of genotypes with higher levels of evolved 

resistance in succeeding generations.  

In conclusion, this study showed that discontinued use of glyphosate (absence) 

could favor the susceptible over resistant individuals due better progeny seedling vigor of 

the former (higher 1000-seed weight and radicle length) but the seedling vigor of 

progenies from resistant individuals remains the same regardless of glyphosate dose 

(absence or presence of glyphosate).  Pollen from resistant individuals are equally viable 

with those from susceptible with or without glyphosate selection which all the more 

emphasizes the need to prevent seed production by mechanical removal of kochia that 

survived multiple applications of glyphosate which have a great potential in increasing 

the level of resistance in sugar beet fields. This study also suggests that increased 

application rates of glyphosate (at timely sequential applications) in glyphosate-resistant 
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sugar beet could potentially reduce the reproductive fitness (seed production) of 

glyphosate-resistant kochia in the field. However, it is of great importance that 

glyphosate-resistant kochia should be managed in rotational crops where effective weed 

control options are available other than glyphosate. In the future, studies that would help 

understand the population dynamics of resistance alleles in the progeny of resistant 

individuals that survived after glyphosate application rates will help validate these results 

necessary for development of a long-term management strategy. 
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Table 5. Results of analysis of variance (randomized complete 
block) showing F statistics and P values for seven response 
variables across glyphosate-resistant kochia plants (with 2-4, 
5-6, and ≥8 EPSPS gene copies) and glyphosate-susceptible 
kochia plants (with 1 EPSPS gene copy) over two years in the 
absence of glyphosate (zero dose) when grown in Huntley, 
MT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Response 
Variable 

Independent variable 
EPSPS gene copy no. 
F P 

Time to flowering 1.75 0.17 
Time to set seeds 1.70 0.18 
Pollen viability 1.52 0.23 
Seeds plant-1 0.13 0.94 
1000-seed weight  40.3 <0.01 
Seed viability 0.97 0.41 
Radicle length 12.9 <0.01 
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Table 6. Results of analysis of variance (randomized complete block) showing F statistics 
and P values for eight response variables across glyphosate-resistant kochia plants (with 
2-4, 5-6, and ≥8 EPSPS gene copies) and seven glyphosate rates (0, 870, 1305, 1,740, 
2,214, 3,084, and 3,954 g ae ha-1) over two years when grown in Huntley, MT. 

 

Response 
Variable 

Independent variable 
EPSPS gene copy 

no.  
Total Glyphosate  

Dose 
Interaction 

F P F P F P 
Time to flowering 2.04 0.14 0.15 0.98 0.91 0.46 
Time to set seeds 0.82 0.44 0.58 0.72 0.45 0.77 
Pollen viability 3.00 0.075 0.30 0.87 2.04 0.16 
Visible control 5284 <0.01 3380 <0.01 455 <0.01 
Seeds plant-1 164.5 <0.01 83.50 <0.01 38.36 <0.01 
1000-seed weight  2.55 0.084 0.27 0.93 0.14 0.96 
Seed viability 0.62 0.54 1.00 0.42 3.04 0.22 
Radicle length 0.07 0.93 0.61 0.69 0.63 0.64 
Relative fitness (w) 683.3 <0.01 581.2 <0.01 113.4 <0.01 
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Table 7. Estimated parameters (b = slope, c = lower limit, d = upper limit, e  = inflection point [ED50 or SR50]) from a four-
parameter log-logistic model used to describe the observed visual control (%) and seed production (no. plant-1) of kochia with 
varying EPSPS gene copies in the presence of six glyphosate doses (≥ 870 g ae ha-1) averaged over two years. 

 

a Values inside parenthesis represent the 95% confidence interval of the respective parameter estimate. 
b ED50 or ED90 are estimated glyphosate doses (in g ae ha-1) required to achieve 50% or 90% control, respectively.  
c SR50 or SR90 are the estimated glyphosate doses (in g ae ha-1) required to achieve 50% or 90% reduction in seed production, 

respectively. 
d b, c, d, ED50, ED90,  SR50 or SR90 estimates followed by the same letter are not different based on approximate t test using the 

“CompParm” and “EDcomp”  functions in the drc package, R software (Knezevic et al. 2007).     

EPSPS gene  
copy number 

Parameter estimated 
b c d ED50 (95% CI)a,b ED90  (95% CI) a,b 

Control (% of nontreated)                                                                                                                 
1 -1.8 d 0.1 a 101.5 a 127 (123–131) d 426 (395–456) d 
2 to 4 -10.3 b -0.0 a 100.0 a 1594 (1581–1606) c 1971 (1944–1997) c 
5 to 6 -13.8 a -0.14 a 99.6 a 1810 (1799–1822) b 2123 (2084–2161) b 
≥ 8  -4.1 c -0.14 a 49.8 b 3520 (2881–4159) a 5991 (4152–7830) a 

EPSPS gene  
copy  number 

Parameter estimated 

b c d SR50 (95% CI) a,c SR90  (95% CI) a,c 

Seeds plant-1 (% of nontreated) 

1 5.9 b -0.09 a 97.1 a 290 (273–306) d 520 (456–584) c 
2 to 4 8.5 ab -0.36 a 99.9 a 1263 (1232–1294) c  1902 (1695–2109) b  
5 to 6 11.6 a -0.81 a 98.0 a 1577 (1539–1616) b 2130 (2014–2214) b 
≥ 8  2.0 c -0.00 a 99.2 a 23021 (-38720–84762) a 13670 (11892–15447) a  
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Table 8. Relative fitness (w) of glyphosate-resistant kochia plants with variable 
EPSPS gene copies in the absence (zero dose) and presence of glyphosate (≥870 g 
ae ha-1), averaged across three EPSPS gene copy number groups (2-4, 5-6, ≥8 
EPSPS gene copies) and six glyphosate doses (≥870 g ae ha-1) over two years when 
grown at Huntley, MT. Relative Fitness was calculated as the reproductive rate 
(seed production plant-1) of the resistant genotype relative to the maximum 
reproductive rate of the other genotype (susceptible) in the population. The relative 
fitness (w) of the susceptible plants was 1.0. 

 
*Means followed by the same letter are not different based on Tukey-Kramer’s 
HSDα(0.05) = 0.135. 

 Relative fitness (w)* 
Total glyphosate 

dose 
(g ae ha-1) 

Resistant plants 
with 2-4 EPSPS 

gene copies 

Resistant plants 
with 5-6 EPSPS 

gene copies 

Resistant plants 
with ≥ 8 EPSPS 

gene copies 

0 0.79 a 0.80 a 0.78 a 
870 0.76 ab 0.76 ab 0.74 ab 
1305 0.34 cd 0.70 ab 0.73 ab 
1740 0.04 e 0.20 d 0.69 ab 
2241 0.00 e 0.00 e 0.67 ab 
3084 0.00 e 0.00 e 0.63 b 
3954 0.00 e 0.00 e 0.46 c 
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Figure 5. Percent control of kochia plants with 1, 2 to 4, 5 to 6, and ≥8 EPSPS gene 
copies 21 days after the last sequential application of increasing total glyphosate doses 
(0, 108, 217, 435, 870, 1305, 1740, 2214, 3084, and 3954 g ae ha-1). Vertical bars 
represent estimated standard error of the mean based on the four-parameter log-logistic 
model. Lack-of-fit test p value = 0.80 using the ‘modelFit’ function from drc package 
in R.
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Figure 6. Seed production at maturity of kochia plants with 1, 2 to 4, 5 to 6, and ≥8 
EPSPS gene copies after treatment of increasing total glyphosate doses (0, 108, 217, 
435, 870, 1305, 1740, 2214, 3084, and 3954 g ae ha-1). Vertical bars represent 
estimated standard error of the mean based on the four-parameter log-logistic model. 
Lack-of-fit test p value = 0.50 using the ‘modelFit’ function from drc package in R. 
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Abstract 

Kochia is one of the most troublesome weeds in the US Great Plains. Widespread 

evolution of glyphosate-resistant weeds including kochia and the adoption of glyphosate-

dicamba-tolerant crops, will only further increase dicamba use. However, dicamba-

resistant (DR) kochia threatens the utility of dicamba. Dicamba resistance has been 

associated with reduced fitness in kochia but information on the population dynamics of 

DR kochia in response to increasing dicamba selection under field conditions is limited. 

Experiments were conducted to test the hypothesis of reduced DR kochia fitness in the 

presence of dicamba selection and its absence under field conditions. Four kochia inbred 

lines DS, DR1, DR2, and DR3 (susceptible, low, moderate, and high resistance to 

dicamba) were observed for vegetative growth, fecundity and relative fitness under 

increasing dicamba doses (0, 35, 70, 140, 280, 560, 840, 1120, 2240 g ae ha-1). At zero 

dose, DR lines showed less vegetative growth and fecundity compared to DS, and took 

more time before flowering, a barrier for flow of resistance gene(s) by cross-pollination. 

Pollen and seed viability were comparable among DS and DR lines. Dicamba dosage did 

not affect time before flowering and seed set, pollen and seed viability, 1000-seed weight 

and seed radicle length, but reduced the biomass and seed production of the DR lines. 

Dicamba applied at 280 g ae ha-1 provided zero control for the DR lines. On average, 

dicamba applied at 2,240 g ai ha-1 provided 95, 55, and 44% control for DR1, DR2 and 

DR3, respectively. Based on a log-logistic model, estimated doses to reduce seed 

production by 95% was 144, 1,501, 2,883, and 3,302 g ae ha-1 for DS, DR1, DR2, and 

DR3, respectively. Relative fitness (w) of the DR lines averaged 0.53 to 0.19 as dicamba 
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applied increased from 0 to 2,240 g ae ha-1. Without dicamba selection, relative fitness of 

DR1, DR2, and DR3 was 0.67, 0.50, and 0.43, respectively, but were further reduced to 

0.002, 0.27, and 0.31, respectively, when dicamba was applied at  2,240 g ae ha-1. In 

conclusion, fitness penalty comes with dicamba resistance and limiting use to higher 

dicamba rates as part of an integrated weed management could be effective against 

development of DR kochia populations in the US Great Plains.  

 

 

 

Keywords: kochia, dicamba resistance, fecundity, flowering date, relative fitness, seed 

vigor. 
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Introduction 

Kochia [Bassia scoparia (L.) A. J. Scott] is one of the six most troublesome 

weeds in the Northern Great Plains of North America (Van Wychen 2017; Friesen et al. 

2009; Kumar et al. 2019a). Competition from kochia has been shown to reduce the yields 

of wheat (Triticum aestivum L.), sugar beet (Beta vulagris L.), corn (Zea mays L.), and 

soybean [Glycine max (L.) Merr.] (Friesen et al. 1991a; Mesbah et al. 1994; Wicks et al. 

1993; Wolf et al. 2000). Throughout its range, kochia has shown an uncanny ability to 

adapt and flourish to diverse crop production systems (Wilson et al. 2007; Lugg et al. 

1983; Watson et al. 2001; Anderson et al. 2007; Friesen et al. 2009; Sbatella and Wilson 

2010).  Its huge success across a wide variety of environments is attributed to its 

exceptional features including early emergence and rapid growth in the spring, high 

tolerance to abiotic stresses (cold, heat, drought, salinity), prodigious seed production 

(>100,000 seeds per plant), and genetically diverse populations (Schwinghamer and Van 

Acker 2008; Beckie et al. 2016; Friesen et al. 2009; Mengistu and Messersmith 2002; 

Stallings et al. 1995).  

Although mutation rates are low at 10-8 to 10-10 per nucleotide base-pair per 

generation (Gardner and Snustad 1984), kochia has propensity for developing herbicide 

resistance (Kumar et al. 2019a). To date, kochia has evolved resistance to four different 

herbicide sites of action (and in many cases, multiple resistance) including resistance to 

photosystem II inhibitors (atrazine; Group 5), acetolactate synthase (ALS) inhibitors 

(sulfonylurea and imidazoline herbicides; Group 2), synthetic auxins (dicamba and 

fluroxypyr; Group 4), and 5-enolpyruvyl-shikimate-3-phosphate synthase inhibitor 
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(glyphosate; Group 9) (Beckie et al. 2013; Godar et al. 2015; Hall et al. 2014; Heap 2019; 

Kumar et al. 2014, Waite et al. 2013; Wiersma et al. 2015; Tranel and Wright 2002; 

Primiani et al. 1990; Beckie et al. 2011; Heap 2020). Recently, a kochia population 

resistant to all four herbicide sites of action has been reported in Kansas (Varanasi et al. 

2015). The commercialization of glyphosate-tolerant crops in the late 1990s (Padgette et 

al. 1996; Powles et al. 1997), the subsequent decline of the herbicide’s price over the 

years combined with the high efficacy of glyphosate, made it the primary tool for broad 

spectrum weed control in glyphosate-tolerant crops. This increased the area applied and 

overall frequency of glyphosate use. A little over 20 years since glyphosate was first 

used, evolved resistance to glyphosate was reported in rigid ryegrass (Lolium rigidum 

Gaud.) (Powles et al. 1998). Reported cases of glyphosate resistance have dramatically 

increased ever since.  To date, there are 48 weed species with reported resistant to 

glyphosate,  including glyphosate-resistant kochia, which had been reported in 10 US 

states and 3 Canadian provinces (Beckie et al. 2013; Wiersma et al. 2015; Godar et al. 

2015; Hall et al. 2014; Waite et al. 2013; Heap 2020; Kumar et al. 2014). The widespread 

occurrence of glyphosate-resistant kochia across the Great Plains increased the use of 

synthetic auxins such as dicamba to control kochia (Kumar and Jha 2015; Ou et al. 2018; 

Yadav et al. 2020). Dicamba is selective against broadleaf weed species making it an 

important herbicide (i.e. in corn, wheat) and the cheaper dicamba price in recent years 

only made its use more appealing to producers.  

Dicamba-resistant (DR) kochia was first reported from north-central Montana in 

1994 (Cranston et al. 2001) then later confirmed in five U.S. states (Colorado, Idaho, 
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Kansas, Nebraska, North Dakota) and two Canadian province (Saskatchewan and 

Alberta) (Crespo et al. 2014; Jha et al. 2015; Heap 2020; Kumar and Jha 2016; Preston et 

al. 2009; Varanasi et al. 2015; Westra et al. 2019, Kumar et al. 2019b, 2019c). The DR 

kochia are reported most commonly from wheat and corn fields with fewer reported from 

non-croplands (chemical-fallow fields or roadsides. However, in Alberta, Canada, kochia 

with multiple resistance to three herbicide modes of action including dicamba has been 

reported recently in cropping systems such as in canola (Brassica napus L.), lentils (Lens 

culinaris Medic.), peas (Pisum sativum L.), and winter barley (Hordeum vulgare L.) in 

addition to corn and wheat (Heap 2020). Dicamba has been used for more than 40 years 

yet the reported cases of dicamba-resistant kochia have been few (Kumar et al. 2019a). 

The complex dicamba sites of action and the fitness cost reportedly associated with 

resistance alleles in dicamba-resistant kochia are postulated reasons why the occurrence 

of dicamba resistance in kochia is not widespread (Mithila et al. 2011; Kumar and Jha 

2016). Fitness is the evolutionary potential for success of a genotype based on survival, 

competitive ability, and reproduction (Radosevich et al. 1997). Individuals with the 

greatest number of offspring and with the most genes contributed to the gene pool of a 

population are considered the fittest genotypes (Radosevich et al. 1997). Fitness of a 

genotype is determined by comparing vigor, productivity or competitiveness relative to 

the vigor, productivity or competitiveness of the other genotype through specific traits 

such as seed dormancy, flowering date, seedling vigor, seed production, and all other 

factors that can influence the survival and reproductive success of a genotype 

(Radosevich et al. 1997; Warwick and Black 1994). Negative pleiotropic or gene linkage 



112 
 

 

 

effects brought about by herbicide resistance gene(s) due to naturally occurring mutations 

can alter the plant metabolic functions and source-sink relationships resulting in reduced 

vegetative growth and/or fecundity (Vila-Aiub et al. 2009; Mithila et al. 2011; Vila-Aiub 

et al. 2015; LeClere et al. 2018; Kumar and Jha 2016). However, not all cases of dicamba 

resistance in kochia have demonstrated reductions in vegetative biomass (Menalled and 

Smith 2007).  

The genetic mechanism(s) for dicamba resistance is not completely understood. 

Although dicamba-resistance in kochia was not due to changes in dicamba uptake, 

translocation or metabolism (Cranston et al. 2001; Pettinga et al. 2017), all indications 

(i.e. differential expression of mRNA transcripts, Y2H analysis, sequence information, 

concentration of primary dicamba metabolite) point towards a mutation in the auxin-

binding receptor that disrupts auxin-binding and auxin-mediated signal transduction 

pathways thereby conferring resistance to dicamba and other auxinic herbicides and 

seemingly displays inheritance from a single dominant allele (LeClere et al. 2018; Goss 

and Dyer 2003; Preston et al. 2009; Cranston et al. 2001).  

Dicamba dose response studies conducted in the greenhouse determined that 

dicamba resistant  kochia populations displayed significant variation in resistance 

(variable response) based on estimated GR50 values from shoot dry weight accumulations 

for three dicamba-resistant (DR) populations and a known dicamba-susceptible (DS) 

population 28 days after treatment of increasing dicamba dose (Jha et al. 2015). A follow 

up greenhouse study on the fitness of a dicamba-resistant (DR) kochia population relative 

to a dicamba-susceptible (DS) population showed reduced fitness of the DR kochia 
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compared to DS kochia in the absence of dicamba (Kumar and Jha, 2016). Hence, it has 

been hypothesized that there could be a reduction in fitness of DR kochia in the absence 

of dicamba selection under field conditions.  

Recommended rates of dicamba vary in crops. In wheat, dicamba can be applied 

at a rate of up to 560 g ae ha-1 per application (applied as early post and/or pre-harvest 

application) with a maximum of 1120 g ae ha-1 per growing season. In conventional corn, 

dicamba can be applied up to 1,120 g ae ha-1 per application with a maximum of 2,800 g 

ae ha-1 per growing season (applied as pre-emergence, early post- and/or late post-

emergence). In fallow ground, up to 2,240 g ae ha-1 of dicamba is allowed per application 

with a maximum of 4,480 g ae ha-1 of dicamba throughout the fallow year. In recently 

released glyphosate-dicamba-tolerant crops (i.e. Roundup Ready 2 Xtend® soybeans, 

Bollgard® 3 XtendFlex® cotton), low-volatility formulations of dicamba (i.e. 

XtendiMax® with VaporGrip Technology, Engenia®) can be applied at maximum rate 

4,480 g ae ha-1 per growing season with dicamba recommended at pre-planting (1,120 g 

ae ha-1), pre-emergence (1,120 g ae ha-1), and post-emergence (two applications of 1,120 

g ae ha-1) to control herbicide-resistant palmer amaranth (Amaranthus palmeri S. Wats.), 

waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer], marestail [Conyza canadensis 

L. (Cronq.)], and kochia. Realizing the need to help preserve the utility of dicamba in 

soybeans, alternative herbicide programs for kochia control have been evaluated to 

minimize the risk of multiple resistance to both herbicide sites of action (Yadav et al. 

2020). Proactive use of pre-emergence soil-residual herbicides (i.e. sulfentrazone) 

followed by post-emergence herbicides has been shown to effectively control glyphosate-
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resistant and dicamba-resistant kochia in glyphosate-dicamba-tolerant soybean thus 

reduce the risk of multiple resistance (Yadav et al. 2020). Additionally, a pre-emergence 

application of dicamba effectively controlled a DR kochia population (Ou et al. 2018).  

With the widespread occurrence of herbicide-resistant kochia and the recent 

commercialization of dicamba-tolerant crops, it is expected that dicamba use will further 

increase in the coming years. There is limited information on the fitness of DR kochia in 

the absence of dicamba under the field conditions and even more so the population 

dynamics of DR kochia in the presence of dicamba. The risk of weed resistance evolution 

and spread is greatest when seed rain from survivors during a growing season is not 

prevented (Neve et al. 2011; Taylor and Hartzler 2000). Evaluation of DR kochia fitness 

allows assessment of risks associated with increased dicamba use in grower fields and 

help identify key factors that can be exploited for the long-term management of resistant 

kochia seed banks. Our study aims to determine the survival, growth, and fecundity of 

DR kochia with low to high levels of resistance in response to dicamba selection and its 

absence under field conditions.   
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Materials and Methods 

Source of Plant Materials. Dicamba-susceptible and dicamba-resistant 

populations were collected in 2011 from four different wheat fields, in Chouteau County 

in northern Montana. These were used to develop the dicamba-resistant (DR) and 

dicamba-susceptible (DS) lines. The wheat fields were within 5 km from each other. The 

dicamba-resistant populations, CHO-1, CHO-2, and CHO-3 came from fields under 

dryland no-till wheat-fallow rotation with  more than 10-year history of repeated use of 

dicamba in the chemical-fallow phase in conjunction with 2,4-D or glyphosate and in the 

wheat phase in combination with sulfonylurea herbicides (Jha et al. 2015; Jha et al. 

2018). From each of the wheat fields, seeds from ten randomly selected mature kochia 

plants were collected and pooled to comprise as one population. The ten kochia mature 

plants were randomly harvested from a mat of plants that survived in-season applications 

of field use rates of dicamba. The dicamba-susceptible population DS1 came from 

another wheat field in northern Montana that was initially suspected resistant but was 

later found dicamba-susceptible due to zero survivors after treatment of 280 g ae of ha-1 

dicamba (1X rate) in repeated trials in the greenhouse. The composite seed samples from 

each population became the source of planting materials for this field study. In the 

greenhouse at Montana State University-Southern Agricultural Research Center (MSU-

SARC) at Huntley, MT, seedlings from the four populations were grown in trays (53 by 

35 by 10cm) filled with commercial potting soil (VermiSoilTM, Vermicrop Organics, 

4265 Duluth Avenue, Rocklin, CA, USA). The conditions inside the greenhouse were 

maintained at 25/20 ± 2oC day/night temperatures with 16/8-h day/night photoperiods 
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and light supplemented by metal-halide lamps emitting light at 550 µmol m-2 s-1. The 

seedlings were fertilized (Miracle-Gro water-soluble fertilizer [24-8-16], Scotts Miracle-

Gro Products Inc., 4111ScottslawnRoad, Marysville, OH) every two weeks and watered 

as needed. Herbicide applications to the seedlings were done inside a stationary cabinet 

spray chamber (Research Track Sprayer, De Vries Manufacturing, RR 1 Box 184, 

Hollandale, MN) equipped with a flat-fan nozzle tip (TeeJet 8001XR, Spraying System 

Co., Wheaton, IL), calibrated to deliver 94 L ha-1 at 276 kPa. 

Development of dicamba-susceptible (DS) and dicamba-resistant (DR) lines. 

The dicamba-susceptible population (DS1) and the three dicamba-resistant populations 

(CHO-1, CHO-2 and CHO-3) were used to develop nearly homogenous DS and DR lines 

through the process of recurrent group selection. Seedlings from the DR populations 

CHO-1, CHO-2, and CHO-3 that survived 560 g ae ha-1 of dicamba (2X rate) and 

seedlings from a DS population DS1 (with zero survivors at 280 g ae ha-1 of dicamba or 

1X rate) were transplanted separately into 20-L pots filled with commercial potting soil at 

3 to 4 plants pot-1. Prior to reproductive stage, the plants in each pot were collectively 

covered with a single pollination bag for restricted cross-pollination and for seed 

production. Seeds were obtained and the procedure repeated for three generations with 

dicamba applied at 2X rate after each generation to produce dicamba resistant lines. No 

recurrent dicamba selection was applied to the DS population. Instead, a seedling sample 

from the DS1 population was grown and sprayed with 1X rate of dicamba to confirm 

susceptibility in each generation. After three generations of recurrent group selection, 

broadly homogenous lines from each population were obtained. The dicamba-resistant 
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lines were referred to as lines DR3, DR2 and DR1.  These were derived from the 

populations from field  populations CHO-1, CHO-2 and CHO-3, respectively. The 

dicamba-susceptible line referred to here as DS was derived from the susceptible 

population DS1. Previous greenhouse whole-plant dose response study on the 

populations CHO-3, CHO-2 and CHO-1 showed a 1.5-fold (low resistance), 2.5-fold 

(moderate resistance), and  6.8-fold (high resistance) level of resistance to dicamba, 

respectively, as compared to a susceptible population based on shoot dry weight response 

(Jha et al. 2015). The different levels of resistance to dicamba of these populations were 

the basis for the treatments of this study.  

Experimental Design and Treatments. The field study was conducted at 

Southern Agricultural Research Center (SARC) at Huntley, Montana in the summers of 

2016 and 2017. The DR1, DR2, DR3 and DS lines developed through recurrent group 

selection were used as planting materials for this study. A total of 200 seedlings from 

each kochia line were grown in the greenhouse. When at 5-7 cm tall, the seedlings were 

transplanted into the experimental field. The study was conducted as a two-factorial 

experiment (Factor A and Factor B) with factorial arrangement of treatments laid out in a 

randomized complete block with 6 replications. Factor A (four levels) was kochia lines 

with increasing levels of resistance to dicamba: DS (susceptible), DR1 (1.5-fold level of 

resistance), DR2 (2.5-fold level of resistance) and DR3 (6.8-fold level of resistance) 

(Kumar et al. 2015). Factor B was the increasing dicamba dose (nine levels) at 0, 35, 70, 

140, 280, 560, 840, 1120 and 2240 g ae ha-1 of dicamba. Each dicamba dose was applied 

to 10-cm tall kochia plants using a backpack sprayer fitted with a single 8001 flat-fan 
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nozzle calibrated to spray 94 L ha-1. This occurred approximately 7 days after 

transplanting. All dicamba dose treatments were done as single applications on June 7th 

for the 2016 trial year and  on June 20th  for the 2017 trial year.  In the field, each 

transplanted kochia plant is an experimental unit. The transplanted seedlings in the 

experimental field were spaced equally at 1.5 m apart in all directions. The transplanted 

kochia plants were fertilized every two weeks and irrigated every week to negate 

competition effects between kochia plants. Differential response from the kochia lines 

was observed with increasing dicamba dose rates.  

Data collection. Percent control ratings on individual plants were conducted at 7, 

14, 21 and 28 days after the dicamba dose treatment application. At maximum vegetative 

stage, final height and width were measured using a meter stick and the number of 

primary branches were counted from individual kochia plants. Dates of when the 

individual plants were first observed to flower and set seeds were recorded. The plants 

were individually covered with pollination bags prior to flowering to prevent pollen-

mediated gene flow. At the time of flowering, pollens from individual plants were 

collected in the morning (8:00 am to 10:00 am) and immediately tested for viability using 

the tetrazolium viability test as kochia pollen viability declines rapidly within 24 hours if 

exposed to unfavorable conditions (i.e. high temperature, low relative humidity) 

(Mulugeta et al. 1994). At maturity, the individual plants were cut from the base. Fresh 

weight at harvest was recorded for individual plants.  Mature seeds were separated using 

a column blower. From each harvested plant, 1000 seeds were counted and weighed to 
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determine the 1000-seed weight and seed production plant-1 was determined by dividing 

the total seeds weight by its 1000-seed weight multiplied by one thousand.  

Tests for pollen viability, seed viability and seed vigor. In the SARC 

physiology laboratory, pollens collected from individual kochia plants at the time of 

flowering were tested for viability and mature seeds from each plant collected from the 

field were tested for viability and vigor. Pollens were collected by cutting a slit on the 

side of the pollination just enough to slide-in a petri dish. The whole kochia plant was 

then rigorously shaken to collect the pollens into the petri dish while keeping the cut on 

the side of the pollination bag closed. The petri dish with pollens was taken out of the 

pollination bag and the cut resealed using an adhesive tape. The pollens were then tested 

for viability in the physiology laboratory. Four sub-samples of pollens from each petri 

dish were transferred onto glass slides. The pollens on the glass slides were soaked with 

tetrazolium chloride solution (10 g L-1), sealed with a cover slip using nail polish wax and 

was incubated at room temperature for an hour. Viable (red) and non-viable pollens 

(yellow-white) were counted using a compound microscope. Physical structure of the 

viable and non-viable pollens was also examined closely for deformity. Pollen viability 

for individual plants was calculated as percent viable pollens of the total number of 

pollens counted. Seeds were tested for germination as well. Twenty-five intact seeds 

collected from each mature kochia plant, were evenly placed between two layers of filter 

paper (Whatman® Grade 2, Sigma Aldrich, St Louis, MO 63178) inside a 10-cm-

diameter petri dish (Sigma-Aldrich). The seeds were then soaked with 5 ml of distilled 

water and the filter papers kept moist for 14 days. To conserve moisture and limit 
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microbial contamination, petri dishes were wrapped with a thin foil and placed inside an 

incubator (VMR International, Sheldon Manufacturing, Cornelius, OR 97113) with 

alternating day/night temperatures set to 20/25oC.  The use of foil to cover plates does not 

affect seed germination because light is not required for kochia seed germination (Everitt 

et al. 1983). Seeds with a visible uncoiled radicle tip longer than the seed’s diameter was 

considered germinated (Dyer et al. 1993; Young et al. 1981). The number of germinated 

seeds in each petri dish were counted daily until no germination observed. Non-

germinated seeds were tested for viability by soaking the seeds with tetrazolium chloride 

solution (10 g L-1) for 24 hours (Kumar and Jha 2017; Sbatella and Wilson 2010). Seeds 

with a red-stained embryo examined under a dissecting microscope (10-fold 

magnification) were considered viable (Thompson et al. 1994). Seed germination was 

expressed as the percentage of total viable seeds for each factorial treatment. Seeds were 

also tested for vigor by measuring radicle length 24 hours after incubation. With a digital 

caliper, radicle length was measured from three random germinated seeds 24 hours after 

incubation, and measurements were recorded. 

Data Analysis. To normalize distributions, natural logarithm transformation was 

done on observations taken for number of primary branches plant-1, 1000-seed weight, 

fresh weight plant-1, seed production plant-1 and arcsine square root transformation was 

done on observations taken for pollen viability, percent control, seed viability, and 

relative fitness (w) before being subjected to analysis of variance test. The year, kochia 

line, dicamba dose and their interactions were considered fixed effects while replication 

(year) was considered a random effect. Results from the two trial years and treatment by 
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year interactions were not different across the response variables (PROC MIXED Type 3 

ANOVA test) and variances were homogenous (PROC UNIVARIATE and Levene’s test 

using PROC GLM) (Statistical Analysis Systems®, version 9.4, SAS Institute Inc., SAS 

Campus Drive, Cary, NC, USA). Interactions between years and fixed effects or 

interactions between trial years and random effects across the response variables were not 

significant and data were combined across years. Means were separated using Tukey-

Kramer’s Honest Significant Difference (HSD) at α = 0.05. Response data for percent 

control and seed production plant-1 of the kochia lines were fitted using a four-parameter 

log-logistic model (Equation 1) using the ‘drc’ package in R software (Ritz and Streibig 

2005; Ritz et al. 2015). 

Equation 1   Y = c + {d – c / {1+exp [b (log(x) – log (ED50))]} 

Where y is the percent control and seed production plant-1 over dicamba dose; d is the 

maximum response; c is the minimum response; ED50 is the effective dose of dicamba in 

g ae ha-1 needed to achieve 50% control or 50% reduction in seed production; and b 

denotes the slope around the inflection point “ED50.” Slope parameter (b) indicates the 

response rate of each kochia line over dicamba (i.e. a slope with a large negative value 

suggests a rapid response of selected kochia line). The Akaike Information Criterion 

(AIC) was used to select the nonlinear four-parameter model. A lack-of-fit test (p>0.10) 

was used to confirm the adequacy of the nonlinear regression model (Equation 1) to 

describe the response data for each kochia line (Ritz and Streibig 2005). Parameter 

estimate ED95 values (i.e. estimated dose required for 95% control or estimated dose 

required for 95% reduction in seed production of the maximum response [d] for each 
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kochia line were determined using the ‘drc’ package in R software (Knezevic et al 

2007;Ritz and Streibig 2005). Parameter estimates of kochia lines at each herbicide dose 

were compared using the approximate t-test with the ‘compParm’ and ‘EDcomp’ 

functions in the ‘drc’ package of the R software (Knezevic et al. 2007; Ritz et al. 2015). 

Relative Fitness (w) was calculated as the reproductive rate (seed production plant-1) of a 

resistant genotype (DR1, DR2 and DR3) relative to the maximum reproductive rate of the 

susceptible genotype (DS). The relative fitness (w) of the susceptible was assumed to be 

1.0. Selection coefficient (s) was calculated as s = 1-w. It is a measure of the relative 

strength of the selection agent (dicamba doses) acting against a genotype (Adam et al. 

2008). 

Results and Discussion 

 

Overall, the majority of kochia plants from the DS line showed severe symptoms 

of epinasty, chlorosis and stunting across all dicamba treatments. At a dicamba dose of 

≥280 g ae ha-1, the same symptoms were followed by necrosis and eventual plant death of 

all plants from the DS line within 28 days after dicamba treatment application. Because 

responses to herbicide treatment reached their maximum for the DS line at a dicamba 

dose of ≥280 g ae ha-1, results and discussion of DS lines will be delimited to this 

treatment threshold. All kochia plants from the DR lines survived this treatment. Kochia 

plants from the DR1 line showed similar symptoms of epinasty, chlorosis and stunting 

starting at ≥560 g ai ha-1 of dicamba but kochia plants from the DR2 and DR3 lines 

showed fewer and less pronounced symptoms of epinasty and chlorosis compared to DR1 
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even at higher dicamba dose rates  of ≥1,120 g ai ha-1. All DR2 and DR3 plants recovered 

2 weeks after dicamba application and were symptomless at maximum vegetative stage 

regardless of dicamba dose.  

Growth phenology among DS and DR lines in the absence of dicamba. In the 

absence of dicamba (zero dose), kochia line had no significant effect on pollen viability 

(p=0.74, [60-97%]) and seed viability (p=0.91, [87-100 %]) but had a significant effect 

on growth response variables including time to flower, time to seed set, final height, final 

width, final number of primary branches, and fresh weight plant-1(all p<0.01)(Table 9).  

Kochia line also had a significant effect on fecundity response variables such as seed 

production plant-1, 1000-seed weight and radicle length (all p<0.01) (Table 9). 

In terms of growth and reproductive phenology in the absence of dicamba 

selection, the average time to flowering for DS, DR1, DR2, and DR3 lines took 36, 47, 

52, and 57 days after transplanting, respectively, which were different from each other 

[HSD(0.05) = 5.4] (Figure 7A). Similarly, time to seed set was 48, 62, 69, and 72 days after 

transplanting for DS, DR1, DR2 and DR3 lines, respectively [HSD(0.05) = 5.12] (Figure 

7B). Average final height of DS kochia at the maximum vegetative stage was 0.78 m 

which was comparable to the final height of DR1 kochia (0.66 m), but was greater 

compared to average final heights of DR2 and DR3 kochia with 0.53m and 0.52 m, 

respectively [HSD(0.05)=0.22] (Figure 7C). Average final width of DS kochia at the 

maximum vegetative stage was 1.0 m which was greater compared to the final width of 

DR1, DR2, and DR3 kochia with 0.71, 0.69, and 0.67 m, respectively [HSD(0.05)=0.21] 

(Figure 7D). Similarly, the average number of primary branches for DS kochia was 73 
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plant-1, which was greater compared to the 38, 36, and 32 primary branches plant-1 of 

DR1, DR2, and DR3 kochia, respectively [HSD(0.05)=7.6] on average (Figure 7E). The 

average fresh weight at maturity of DS, DR1, DR2, and DR3 kochia was 247, 217, 186, 

and 166 g plant-1, respectively, which were different from each other [HSD(0.05)=2.93] 

(Figure 7F).  

Fecundity among DS and DR lines in the absence of dicamba. In terms of 

fecundity in the absence of dicamba selection, the average seed production of DS kochia 

was 211,298 seeds plant-1 which was greater compared to seed production of DR1, DR2 , 

and DR3 kochia with 174,969, 130,782, and 111,463 seeds plant-1, respectively 

[HSD(0.05)=10.05] (Figure 7G). However, seed production DR2 and DR3 kochia were 

comparable to each other but were less compared to seed production of DR1. On average, 

1000-seed weight of DS kochia was greater with 0.909 g compared to average 1000-seed 

weights of DR1, DR2, and DR3 seeds with 0.504, 0.351, and 0.350 g, respectively.  The 

1000-seed weights of DR2 and DR3 kochia were less compared to DR1 [HSD(0.05) = -

2.67] (Figure 7H). Similarly, the average radicle length for germinated seeds of DS 

kochia was 1.38 cm which was greater compared to the average radicle length in 

germinated seeds of DR1, DR2, and DR3 kochia with 0.93, 0.70, and 0.68 cm, 

respectively, but the average radicle length in DR1 was greater compared to the DR2 and 

DR3 [HSD(0.05) = -1.50] (Figure 7I).   

Results showed that the dicamba-resistant (DR) kochia lines had a lower final 

height, width, number of primary branches at the maximum vegetative stage, and lower 

fresh weight at maturity, compared to the dicamba-susceptible line in the absence of 
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dicamba selection. The shorter height and width, fewer primary branches, and lower 

biomass puts the DR kochia at disadvantage in terms of weed on weed or crop on weed 

competition. In cropping systems where dicamba use is relaxed by use of other weed 

control methods, the dicamba-resistant kochia may not be able to outcompete the 

susceptible in capturing resources for growth and reproduction. The disadvantage could 

further be exacerbated when in competition with competitive crops such as corn, barley 

or wheat which have been shown to reduce kochia biomass and seed production by crop 

competition alone (Beres et al. 2010; Mosqueda et al. 2020).  

Dicamba-resistant lines took more time to flower and set seeds compared to 

dicamba-susceptible line in the absence of dicamba selection. Although dicamba 

resistance level  had no effect on pollen viability, the longer time to flower and set seeds 

decreases the chance that the dicamba resistance alleles will be passed on to the 

susceptible individuals since the stigma of susceptible kochia flower may no longer be 

receptive by the time the resistant kochia sheds pollen. The protogynous flowering habit 

of kochia could also mean that pollen-mediated gene flow (Beckie et al. 2016) of 

susceptible alleles will be more likely towards resistant individuals. This implies an 

additional dilution of dicamba resistance alleles going into the next generation. Results 

also suggest that individuals with low resistance are more likely to cross-pollinate 

individuals with moderate to high resistance, due to the significant differences in time to 

flowering which could have implications on the speed of resistance development in the 

field. With less pollen-mediated gene flow from high to low resistance individuals, 

apparent resistance development in the field could be slower. Additionally, dicamba-
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resistant individuals could be more prone to late-season or postharvest cultural practices 

(i.e., pre-harvest or postharvest herbicide application, targeted tillage) if done before 

kochia produces seeds. This could reduce or prevent seed production for the DR kochia 

populations. In wheat stubble, late-season post-harvest herbicide applications at the early 

bloom stage of kochia reduced its seed viability and 1000-seed weight, and in some 

treatments entirely prevented kochia seed production (Kumar and Jha 2015d). 

The results also showed that the DR kochia lines had less fecundity compared to 

the DS line in the absence of dicamba selection. Although seed viability was the same 

regardless of dicamba resistance level, DR kochia lines had less seed production, less 

1000-seed weight and shorter radicle length compared to the DS line. The lower 1000-

seed weight and radicle length of DR seeds compared to the susceptible indicate that 

progeny seedlings from susceptible individuals will have greater chances of emerging 

first relative to the resistant seedlings. With exponential growth, the 48% less seed 

production for the DR 3 line alone, should result in DR 3 seeds represent only 8.3% of 

the total available relative to the DS line in just 5 generations without dicamba selection. 

Our results are supported by those before us.  Results of this study suggest that 

there is a fitness penalty associated with dicamba resistance as exhibited by the less 

vegetative growth, longer reproductive phenology, and less fecundity of the DR lines 

compared to the DS line. It has been suggested that the types of changes in the phenotype 

we observed could be due to the pleiotropic effects associated with resistance to auxinic 

herbicides such as dicamba (Mithila et al. 2011; Debreuil et al. 1996; Vila-Aiub et al. 

2009; Bourdot and Romano 1995). Other independent studies conducted on dicamba-
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resistant kochia populations showed similar observations and suggested a fitness penalty 

as a result of dicamba resistance (Pettinga et al. 2017; LeClere et al. 2018; Mithila et al. 

2011; Kumar and Jha 2016).  Previous fitness studies on DR kochia were mostly 

conducted between a susceptible and a resistant population in the laboratory and/or in the 

greenhouse (i.e., resource competition) wherein fitness traits are expressed under 

controlled experimental conditions. It is nevertheless very important approach in 

determining the underlying genetic and physiological mechanism that govern herbicide 

resistance and the associated fitness costs. However, the extent and magnitude of fitness 

changes may only be fully assessed when populations are exposed in representative 

environments where a full range of ecological interactions and abiotic conditions may 

affect fitness parameters (Vila-Aiub et al. 2015). Not only our study considered 

representative natural environment but also takes into account the variability in the level 

of dicamba resistance in determining the population dynamic of DR kochia in the 

absence of dicamba selection. This is important since the results showed that there seems 

to be a negative correlation between DR kochia fitness (relative to the susceptible) and 

dicamba resistance level (i.e., reduced vegetative growth, and decreased fecundity with 

increased level of resistance) and a positive correlation between time to flowering and 

seed set with level of resistance (i.e. the more time needed to flower or set seeds with 

increased level of resistance) 

Growth and fecundity of DR kochia lines across of dicamba dosage. Neither 

DR kochia line (low to high resistance) nor dicamba dose (0 to 2,240 g ai ha-1) and 

interaction had a significant effect on pollen viability (p=0.13, 0.96, and p=0.41, 
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respectively) and seed viability (p=0.98, p=0.07, and p=0.16, respectively) (Table 10). 

Among the response variables where only the main effects were significant, DR kochia 

line had a significant effect on time to flowering, time to seed set, 1000-seed weight and 

radicle length (all p<0.001) but were not affected by dicamba dose (Table 10). On the 

other hand, dicamba dose had a significant effect on final width (p<0.01) but DR kochia 

line or interaction had no significant effect of final width (Table 10). DR kochia line and 

dicamba dose and interaction had a significant effect on final height , final width, final 

number of primary branches, percent control, fresh weight, seed production, and relative 

fitness (all p = <0.01, Table 10). 

Differences in growth phenology due to resistance level (DR lines) were 

observed. Averaged across dicamba rates, the time to flowering was 47, 53 and 57 days 

after transplanting (DAT) for DR1, DR2, and DR3 lines, respectively, which are different 

from each other at HSD(0.05) of 2.51 (Figure 8A). Time to seed set was 64, 70 and 74 days 

after transplanting (DAT) for DR1, DR2, and DR3 lines, respectively, which are different 

from each other at HSD(0.05) of 2.0 when averaged across dicamba dose rates (Figure 8C). 

The final height for DR1, DR2 and DR3 kochia were 0.417, 0.433, and 0.399 m, 

respectively, which were not different from each other at  HSD(0.05) of 0.06. The final 

number of primary branches plant-1 for DR1, DR2 and DR3 kochia lines were 26, 28, and 

25 branches, respectively, with DR2 greater than DR1 and DR3 at HSD(0.05) of 0.08. The 

average fresh weight of DR1 with 99 g was less than DR2 and DR3 with 122 and 117 g 

plant-1, respectively  (HSD(0.05) = 0.06). 
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Differences on growth of the DR lines due to dicamba dosage were also observed. 

Averaged across DR lines, the final kochia width was 0.687, 0.684, and 0.673 m at 0, 

280, and 560 g ae ha-1 of dicamba, which were greater than width of kochia at 840, 1,120, 

and 2,240 g ae ha-1 of dicamba with 0.522, 0.389, and 0.339 m, respectively, at HSD(0.05) 

of 0.12 (Figure 9). The final height was 0.552, 548, 0.443, 0.342, 0.337 and 0.277 m at 0, 

280, 560, 840, 1120, and 2240 g ae ha-1 of dicamba, respectively, with final height 

starting to be reduced at 560 g ae ha-1 of dicamba (HSDα (0.05) = 0.09). The final number 

of primary branches plant-1 was 36, 32, 28, 25, 23, and 19 branches at 0, 280, 560, 840, 

1120, and 2240 g ae ha-1 of dicamba respectively, with significant reduction in the 

number of primary branches started at 560 g ae ha-1 of dicamba (HSD(0.05) = 0.14). The 

average fresh weight at maturity was 189, 163, 135, 124, 83 and 46 g plant-1 at 0, 280, 

560, 840, 1120, and 2240 g ae ha-1 of dicamba, respectively, with significant reduction in 

fresh weight starting at 280 g ae ha-1 (HSDα (0.05) = 0.10).  

Interaction effect on growth was also significant. Final height started to be 

reduced at 840 g ae ha-1  for DR1 (0.309 m), and at 2240 g ae ha-1  of dicamba for DR2 

(0.363 m), and DR3 (0.271 m) [HSD(0.05) of 0.23], when compared to their respective 

final heights at zero dose  (Figure 10). The final number of primary branches started to be 

reduced at 840 g ae ha-1 of dicamba for DR1, DR2 and DR3 with 25, 27 and 26 branches, 

respectively, when compared to their respective number of branches at zero dose  (Figure 

11). Fresh weight started to be reduced at 560 g ae ha-1 of dicamba for DR1 (176 g plant-

1),  DR2 (168 g plant-1), and DR3 (150 g plant-1) when compared to their respective fresh 

weights at 280 g ae ha-1 of dicamba at HSD(0.05) of 0.21 (Figure 12). 
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In terms of fecundity, results showed no differences in pollen viability (30-96%)  

and seed viability (81-100%) regardless of resistance level or dicamba dose. Dicamba 

dose had no effect on 1000-seed weight and seed radicle length, but the average 1000-

seed weight with 0.493 g for DR1 was greater than DR2 and DR3 with 0.341 g and 0.339 

g, respectively, at HSD(0.05) of 0.21 (Figure 8B). Similarly, the average seed radicle length 

was 0.911 cm for DR1 which was greater than DR2 and DR3 with  0.708 and 0.705 cm, 

respectively, at HSD(0.05) of 0.215 (Figure 8D). This suggest that the dicamba-resistant 

kochia with low level of resistance had greater seed vigor that those with moderate to 

high level of resistance. It could be likely that seedlings from individuals with low 

resistance had a greater chance to emerge first than seedlings from those with high 

resistance.   

Percent Control. Average across dicamba dose, kochia control was 48, 22, and 

14% for DR1, DR2, and DR3 kochia, respectively, which were different from each other 

at HSD(0.05)  of 0.151. Averaged across DR kochia line, kochia control was 0, 1.5, 16, 38, 

50, and 64% at dicamba doses of 0, 280, 560, 840, 1120, and 2240 g ae ha-1, respectively, 

which were different from each other (except for percent control at 0 and 280 g ae ha-1 

which were not different)  at HSD(0.05) of  0.19. The interaction effect was also significant 

(p < 0.001, Table 10). The lack-of-fit test showed that the four-parameter log-logistic 

model described the data for percent control (p=0.23). The dicamba dose of 280 g ae ha-1 

provided 100% control of DS kochia but provided zero control in all the DR kochia lines 

(Figure 14). At the highest dicamba dose treatment of 2,240 g ai ha-1, an average of 95% 

control was observed in the DR1 kochia line, however, control only averaged 55% in the 
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DR2 and 44% in the DR3 lines (Figure 14). Dose response analysis using the four-

parameter log-logistic model (Table 11) showed that the ED95 values or the dicamba dose 

needed to achieve 95% control was estimated to be 1,476 and 1,752 g ae ha-1 for DR1 and 

DR2 lines, respectively. This poses a problem in small grains crops (i.e., wheat, barley) 

where the maximum label rate of dicamba per growing season allowed is only at 1,120 g 

ae ha-1. For the DR3 kochia line, the dose needed to achieve 95% control was estimated 

to be >2,500 g ae ha-1 indicating high resistance and may not be controlled by single 

application alone even with the highest label rate of 2,240 g ae ha-1 per application (i.e., 

in fallow ground).  The maximum label use rate of dicamba per growing season (i.e.  

4,480 g ae ha-1 in dicamba-tolerant crops) may achieve good to excellent control of 

kochia with low to moderate resistance but not the highly resistant.  

Seed Production. Averaged across dicamba doses, seed production for DR1, 

DR2 and DR3 kochia lines was 37,598, 104,276, and 112,995 seeds plant-1, respectively, 

which were different from each other at HSD(0.05) log e value of 0.07. Averaged across 

DR kochia lines, seed production was 136,325, 134,350, 126,248, 98,165, 65,664, and 

13,167 seeds plant-1 at 0, 280, 560, 840, 1,120, and 2,240 g ae ha-1 of dicamba, 

respectively. Seed production started to be reduced starting at 840 g ae ha-1 of dicamba 

with further significant reductions as dicamba dose increased to 1,120 and 2,240 g ae ha-1 

at HSD(0.05) log e value of 0.12. For the interaction effect, seed production for DR1, DR2 

and DR3 started to be reduced at dicamba doses of 840, 1,120 and 2,240 g ae ha-1 

(HSD(0.05) of 0.245), respectively, when compared to respective seed production at zero 

dose (Figure 13). Lack-of-fit test showed that the four-parameter log-logistic model was 
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adequate in describing the data for seed production (p=0.90, Figure 15). Calculated as 

percent of the nontreated, seed production for DS kochia was zero (failed to produce 

seeds) at 280 g ae ha-1 of dicamba (Figure 15). At the highest dicamba dose of 2,240 g ai 

ha-1, seed production in DR1 kochia was 0.23% (398 seeds plant-1) but seed production 

for DR2 and DR3 averaged 55% (72,606 seeds plant-1) and 74% (82,897 seeds plant-1) of 

the nontreated, respectively (Figure 15). Dose response analysis using the four-parameter 

log-logistic model (Table 11) showed that the SR95 value or the dicamba dose needed to 

reduce seed production by 95% was estimated to be 1,501 g ae ha-1 for DR1 kochia. 

However, the SR95 value for DR2 and DR3 lines was estimated to be 2,883 and 3,302 g 

ae ha-1 of dicamba, respectively, which indicate that seed production in moderate to 

highly-resistant kochia may not be prevented even with the highest single dicamba 

application of 2,240 g ai ha-1. Based on SR95 values, seed production dicamba-resistant 

kochia with low resistance may be prevented or reduced in cropping systems where high 

rates of dicamba (1,120 and 2,240 g ae ha-1) is allowed. But these high rates may not be 

enough to completely prevent seed production of kochia with moderate to high levels of 

resistance. Additionally, following the full label rates (per application and per growing 

season) of dicamba maximizes the effect in reducing seed production of dicamba-

resistant kochia. Not only that it ensures excellent control of kochia and other weeds 

throughout the growing season but also has the potential to reduce the seed production of 

DR kochia if present in the field.  

Relative Fitness (w). Averaged across dicamba rates, the relative fitness DR1, 

DR2 and DR3 was 0.37, 0.44, and 0.40, respectively, which were different from each 
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other at HSD(0.05)  of 0.172. DR kochia (low to high resistance) will produce offspring 

between 37 to 44% the rate of the DS irrespective of dicamba rates (absent or present).  

Averaged across DR kochia lines, relative fitness was 0.53 (a), 0.52 (a), 0.48 (a), 0.38 (b), 

0.30 (c), and 0.19 (d) at 0, 280, 560, 840, 1120, and 2240 g ae ha-1, respectively (means 

followed by the same letter in parenthesis are not different at HSD (0.05) of 0.22). DR 

kochia will produce offspring at 19 to 53% rate of the DS kochia regardless of dicamba 

resistance level (low to high). Significant reduction in relative fitness of DR kochia 

started at 840 g ae ha-1 (w=0.38) with further significant reductions as dicamba dose 

increased to 1,120 g ae ha-1 (w=0.30) and 2240 g ae ha-1 (w=0.19). The results suggest 

that there is benefit in application of high rates of dicamba (≥870 g ae ha-1). As for 

interaction, the effect was significant (p<0.001). At zero dose, the relative fitness of DR1 

was 0.67 which was greater than the relative fitness of DR2 and DR3 with 0.50 and 0.43, 

respectively (Table 12). This indicates that fitness of DR kochia declines as the level of 

resistance to dicamba increases. This also suggests that DR kochia lines (low to high 

resistance) will produce offspring at only 67% to 43% of the rate of the DS if alternative 

methods to control kochia other than dicamba are used. Fitness of DR kochia also 

declines as dicamba rate increases (Table 12). At a dicamba dose of 140 g ae ha-1, the 

DR1 (w=0.65) became more fit than the DS (w=0.05) (Table 12). At a dicamba dose of 

840 g ae ha-1, the DR2 (w=0.465) became more fit than the DR1 (w=0.227) (Table 12). 

However, at the highest dicamba dose of 2,240 g ae ha-1, relative fitness of the DR2 

(w=0.279) was comparable with DR3 line (w=0.318) (Table 12). Relative fitness of DR1 

was almost zero (w=0.002) with dicamba applied at 2,240 g ae ha-1. The selection 
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coefficient (s = 1-w) in this case was almost 1.0 when the highest rate of dicamba was 

applied on DR1 kochia (low resistance). However, it is worth noting that the 2,240 g ae 

ha-1 is the maximum rate of dicamba allowed per application in most cropping systems 

(i.e. corn, cotton, soybeans, fallow ground). With the decreasing trend in DR kochia 

fitness as dicamba dosage increased, the results suggest that there is benefit in application 

of more than 2,240 g ae ha-1 of dicamba. Except for in small grains (i.e. wheat and 

barley), most major cropping systems allow twice the amount per growing season 

through multiple applications at specific crop timing dates before and after crop 

emergence. This perceived benefit needs further exploration.  

In conclusion, this study showed that there is fitness penalty associated with 

dicamba-resistance and fitness appears to be negatively correlated with the level of 

resistance. This was shown in the less vegetative growth, fecundity, and seed vigor of DR 

kochia lines than the DS kochia lines in the absence of dicamba. Also, the significant 

differences in the time to flowering among the DS and DR lines is akin to a natural 

barrier for cross pollination which has a tremendous impact on the speed of resistance 

development. These factors could explain why dicamba-resistant kochia is not 

widespread despite the long-term use of dicamba (>40 years). If the selection pressure 

from dicamba is replaced by other weed control methods in conjunction with practices 

that minimizes risks for herbicide resistance i.e. applying herbicides at recommended 

weed sizes, routine field scouting, use of competitive crops, etc. (Norsworthy et al. 2012; 

Yadav et al. 2020), the proportion of DR to DS kochia seeds will decline in the field in 

just a few generations. Additionally, use of high dicamba rates reduced the fitness of 
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resistant lines and could result in less persistence of dicamba-resistant kochia seed banks. 

Limiting use to higher rates of dicamba in combination with kochia competitive crops, 

diverse crop rotation practice, application of pre- and post-emergence herbicide mixtures 

of  two or more herbicide sites of action, and targeted tillage should be effective in 

limiting development of DR kochia populations in the US Great Plains. Knowledge on 

the population dynamics of dicamba-resistant kochia is even more important in the 

context of the recent commercialization of dicamba-tolerant crops with stacked traits for 

herbicide resistance. Basic tenet in fitness studies is the assumption of a uniform genetic 

background (Vila-Aiub et al. 2009; Vila-Aiub et al. 2015) to unambiguously attribute 

fitness penalty with dicamba resistance. However, this is complicated by the high 

outcrossing nature of kochia and its “tumble mechanism” of seed dispersal across vast 

distances (Beckie et al. 2016; Baker et al. 2010; Friesen et al. 2009; Mengistu and 

Messersmith 2002; Stallings et al. 1995). Examination of segregating F2 populations or 

creation of near-isogenic lines of the resistant and susceptible are some of the methods 

proposed to ensure homogenous genetic background (Giacomini et al. 2014; Vila-Aiub et 

al. 2009; Vila-Aiub et al. 2015) but the process of crossing small and inconspicuous 

flowers in the leaf axil of the whole kochia plant makes it very hard and time intensive 

(Friesen et al. 2009; Mengistu and Messersmith 2002). The alternative is to use several 

dicamba-resistant and dicamba-susceptible populations in fitness studies in the field 

(Vila-Aiub et al. 2009; Vila-Aiub et al. 2015). Although the susceptible and resistant 

lines used in this study were developed by recurrent group selection from populations 

collected in fields with same history of weed management practices and in close 
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proximity from each other, additional resistant and susceptible inbred lines are needed to 

further validate these results to fully attribute the fitness cost observed to dicamba 

resistance. In the future, a multigeneration study on the frequency of resistance alleles 

and examination of the effect of different biotic and abiotic stresses (i.e. seed predation, 

crop competition, temperature and soil moisture gradients) on the life history traits of 

dicamba-resistant kochia would help shed light on the magnitude of the fitness penalty in 

DR kochia.  
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Table 9. Results of analysis of variance (randomized complete block) showing F 
statistics and P values for eleven response variables across four kochia lines 
(dicamba-susceptible [DS] and three dicamba-resistant  [DR1, DR2, and DR3]) in 
the absence of dicamba (zero dose), averaged over two years when grown at 
Huntley, MT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Growth Phenology 
 Independent variable 

Response variable 
Kochia Line 

F P 
Time to flower 66.49 <0.01 
Time to seed set  46.23 <0.01 
Final height 7.33   0.01 
Final width 16.86 <0.01 
Primary branches 144.1 <0.01 
Fresh weight 68.19 <0.01 
   
Fecundity 
 Independent variable 

Response variable 
Kochia Line 

F P 
Pollen viability 0.42   0.74 
Seed viability 0.18   0.91 
1000-seed weight  445.4 <0.01 
Radicle length 54.94 <0.01 
Seeds plant-1 84.49 <0.01 
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Table 10. Results of analysis of variance (randomized complete block) showing F statistics 
and P values for thirteen response variables across three DR kochia lines (DR1, DR2, and 
DR3) and six dicamba rates (0, 280, 560, 840, 1120, and 2240 g ae ha-1), averaged over two 
years when grown at Huntley, MT. 

 

Growth Phenology 
 Independent variable 

Response variable DR Kochia Line Dicamba Dose Interaction 

F P F P F P 
Time to flower 77.38 <0.01 0.53 0.88 0.10 0.96 
Time to seed set 174.9 <0.01 0.23 0.98 0.15 0.93 
Final height 1.19 0.31 37.82 <0.01 2.02 0.038 
Final width 3.16 0.08 37.98 <0.01 1.22 0.29 
Primary branches 10.10 <0.01 61.77 <0.01 3.87 <0.01 
Fresh weight 121.32 <0.01 599.5 <0.01 139.6 <0.01 
       
Fecundity       

                                        Independent variable 

Response variable DR Kochia Line Dicamba Dose Interaction 

F P F P F P 
Pollen viability 1.78 0.15 0.31 0.96 0.96 0.41 
Seed viability 0.06 0.97 4.12 0.097 1.74 0.16 
1000-seed weight  254.25 <0.01 0.08 0.78 0.18 0.91 
Radicle length 98.40 <0.01 0.09 0.77 0.06 0.98 
Percent Control 646.9 <0.01 305.3 <0.01 469.5 <0.01 
Seeds plant-1 348.3 <0.01 804.4 <0.01 499.2 <0.01 
Relative Fitness (w)* 21.33 <0.01 100.2 <0.01 37.95 <0.01 
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Table 11. Estimated parameters (b = slope, c = lower limit, d = upper limit, e  = inflection point [ED50 or SR50]) from a four-
parameter log-logistic model to describe the observed visual control (%) and seed production (no. plant-1) of four kochia lines 
(DS, DR1, DR2, and DR3) across nine dicamba doses (0, 35, 70, 140, 280, 560, 840, 1120, and 2240 g ae ha-1), averaged over 
two years. 

a Values inside parenthesis represent the 95% confidence interval of the respective parameter estimate. 
b ED50 or ED95 are estimated glyphosate doses (in g ae ha-1) required to achieve 50% or 95% control, respectively.  
c SR50 or SR95 are the estimated glyphosate doses (in g ae ha-1) required to achieve 50% or 95% reduction in seed production, 

respectively.  
d b, c, d, ED50 or ED95,  SR50 or SR95 estimates followed by the same letter within a response variable are not different based on 

approximate t test using the “CompParm” and “EDcomp”  functions in the drc package, R software (Knezevic et al. 2007).     

Kochia Line 
Parameter estimated 

b c d ED50 (95% CI)a,b ED95  (95% CI) a,b 

Control (% of nontreated)                                                                                                                 
DS -4.1 a -0.2 a 99.5 a 91 (89–93) d 185 (174–195 ) d 
DR1 -3.5 b -0.0 a 96.6 b 649 (632–665) c 1476 (1364–1587) c 
DR2 -3.8 ab -0.2 a 55.4 c 819 (786–853) b 1752 (1533–1971) b 
DR3 -3.1 b -0.1 a 49.3 d 1110 (1014–1206 ) a  2828 (2080–3577) a 

Kochia Line 
Parameter estimated 

b c d SR50 (95% CI) a,c SR95  (95% CI) a,c 

Seeds plant-1 (% of nontreated) 

DS 6.1 a -0.00 b 100.0 a 89 (81–97) c  144 (115–173) d 
DR1 4.4 a -0.93 b 99.03 a 778 (730–825) b  1501 (1241–1762) c 
DR2 3.8 a 49.30 a 100.1 a 1344 (784–1905) a  2883 (2594–3113) b 
DR3 3.9 a 67.98 a 100.2 a 1580 (1320–1897) a  3302 (3129–3561) a 
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Table 12. Relative fitness (w) of dicamba-resistant kochia lines in the absence (zero dose) and 
presence of dicamba selection, across four kochia lines (DS, DR1, DR2, and DR3) and nine 
dicamba doses (0, 35, 70, 140, 280, 560, 840, 1120, and 2240 g ae ha-1), averaged over two 
years when grown at Huntley, MT. Relative fitness (w) was calculated as the reproductive rate 
(seed production plant-1) of the resistant genotype (DR lines) relative to the maximum 
reproductive rate of the other genotype (DS line). The fitness (w) of the DS line was assumed to 
be 1.00. 

 
*Means followed by the same letter among the DS and DR lines from 0 to 280 g ae ha-1 of 
dicamba dose are not different based on HSD(0.05) of 0.341.  Means followed by the same 
letter among DR lines only are not different based on HSD(0.05) of 0.311. Values presented 
are reverse transformed.  

 

 

 

 

 

 

 

 

 

 Relative fitness (w)* 
  

Dicamba 
 

(g ae ha-1) 

 
DS 

 
susceptible 

 
DR1 

 
low  

resistance 

 
DR2 

 
moderate  
resistance 

 

 
DR3 

 
high  

resistance 
 

0 1.000 a 0.673 c 0.505 ef 0.430 ef 
35 0.861 b 0.669 c 0.504 ef 0.428 efg 
70 0.679 c 0.668 c 0.502 ef 0.428 efg 
140 0.051 i 0.658 cd 0.502 ef 0.428 efg 
280 0.000 i 0.650 cd 0.502 ef 0.427 efg 
560 — 0.538 de 0.497 ef 0.425 efg 
840 — 0.277 h 0.465 ef 0.417 efg 
1120 — 0.100 i   0.415 efg 0.401 fgh 
2240 — 0.002 i 0.279 h 0.318 gh 
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Figure 7. Mean vegetative growth (A, B, C, D, E, F) and fecundity (G, H, I) of dicamba-
susceptible (DS) and dicamba-resistant kochia lines (DR1, DR2, and DR3) in the absence  
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Figure 7. CONTINUED…... 
 
of dicamba (zero dose), averaged over two years when grown at Huntley, MT. Means 
followed by the same letter are not different at HSD(0.05) values of 5.4 for time to 
flowering, 5.12 for time to seed set, 0.22 final height, 0.21 for final width, 7.6 for number 
of primary branches, 2.93 for fresh weight, 10.05 for seed production plant-1, -2.67 for 
1000-seed weight, and -1.50 for seed radicle length. Bars represent standard error of the 
mean. Response variables with asterisk (*) indicate reverse transformed values. DAT 
means days after transplanting. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



143 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Influence of  resistance level (low to high) of DR kochia lines on reproductive 
phenology (A, C), and progeny seed vigor (B, D) in the presence of dicamba selection, 
averaged over two years when grown at Huntley, MT. Mean values followed by the same 
letter are not different at HSD(0.05) values of 2.51 for time to flowering, 2.0 for time to 
seed set, 0.211 for 1000-seed weight, and 0.215 for seed radicle length. Bars represent 
standard error of the mean. Response variables with asterisk (*) indicate reverse 
transformed values. DAT means days after transplanting.
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Figure 9. Influence of dicamba dose on kochia final width averaged across DR kochia 
lines over two years when grown in Huntley, MT. Mean values followed by the same 
letter are not different at HSD(0.05) value of 0.122. Bars represent standard error of the 
mean.  
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Figure 10. Final height of dicamba-resistant kochia lines (DR1, DR2, and DR3) at 
maximum vegetative stage after application of increasing dicamba doses  of 0, 280, 560, 
840, 1120, and 2240 g ae ha-1, averaged over two years when grown at Huntley, MT. 
Means followed by the same letter are not different at HSD(0.05) of 0.187. Bars represent 
standard error of the mean. 
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Figure 11. Final number of primary branches of dicamba-resistant kochia lines (DR1, 
DR2, and DR3) at maximum vegetative stage after application of increasing dicamba 
doses  of 0, 280, 560, 840, 1120, and 2240 g ae ha-1, averaged over two years when grown 
at Huntley, MT. Presented are reverse transformed values. Means followed by the same 
letter are not different at HSD(0.05) of 0.290. Bars represent standard error of the mean. 
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Figure 12. Fresh weight of dicamba-resistant kochia lines (DR1, DR2, and DR3) at 
maturity after application of increasing dicamba doses of 0, 280, 560, 840, 1120, and 2240 
g ae ha-1, averaged over two years when grown at Huntley, MT. Presented are reverse 
transformed values. Means followed by the same letter are not different at HSD(0.05) of 
0.210. Bars represent standard error of the mean. 
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Figure 13. Seed production of dicamba-resistant kochia lines (DR1, DR2, and DR3) at 
maturity after application of increasing dicamba doses of 0, 280, 560, 840, 1120, and 2240 
g ae ha-1,  averaged over two years when grown at Huntley, MT. Presented are reverse 
transformed values. Means followed by the same letter are not different at HSD(0.05) of 
0.245. Bars represent standard error of the mean. 
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Figure 14. Percent control of dicamba-susceptible (DS) and dicamba-resistant lines 
(DR1, DR2, and DR3) at 28 days after application of increasing dicamba doses of 0, 
35, 70, 140, 280, 560, 840, 1120, and 2240 g ae ha-1. Vertical bars represent estimated 
standard error of the mean based on the four-parameter log-logistic model. Lack-of-fit 
test showed a p value of  0.2310 using the ‘modelFit’ function from drc package in R.
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Figure 15. Seed production of dicamba-susceptible (DS) and dicamba-resistant lines 
(DR1, DR2, and DR3) at maturity after treatment of increasing dicamba doses of 0, 35, 
70, 140, 280, 560, 840, 1120, and 2240 g ae ha-1. Vertical bars represent estimated 
standard error of the mean based on the four-parameter log-logistic model. Lack-of-fit 
test showed a p value of 0.90 using the ‘modelFit’ function from drc package in R. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 Kochia represents one the most troublesome weeds in crop production systems in 

North America.  This is exacerbated by the development of herbicide-resistant kochia 

populations.  To address this problem, more ecologically driven approaches to its control 

are necessary. Studies on the fitness of herbicide-resistant kochia in representative 

environments allows appraisal of the impacts of herbicide applications on the population 

dynamics of herbicide-resistant kochia populations in an agricultural field situation. 

Additionally, fitness studies allow appraisal of the fitness cost associated with herbicide 

resistance that can be exploited for the long-term management of herbicide-resistant 

kochia populations. This research provides insights on the growth and reproductive fitness 

of glyphosate-resistant kochia and dicamba-resistant kochia in the presence and absence of 

glyphosate and dicamba selection, respectively, under field conditions. Furthermore, this 

research provides insights on the competitive abilities of different crops in suppressing 

kochia growth and reproduction through competition. 

Using a split plot design, the competitive effects of four crops (sugar beet, 

soybean, barley and corn) in combination with kochia densities (3, 13, 24, 47, 94 and 188 

plants m-2) on kochia development and kochia seed production were examined across 2 

years.  Corn and barley were the most kochia suppressive crops. Kochia biomass was 87 

and 82% lower and seed production was 98 and 96% lower in corn and barley, 

respectively, relative to fallow.  Corn had greatest effect in reducing kochia biomass and 
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seed production.  Barley had greatest effect in delaying kochia flowering which happened 

after barley senesced at 113 days after kochia emergence.  Soybean and sugar beet had the 

least effect, reducing kochia biomass by 70 and 65% and seed production by 84 and 80%, 

respectively, relative to fallow. The increasing kochia densities resulted in reductions 

in kochia width, number of primary branches, biomass plant-1 and seeds plant-1 but 

increased the height, biomass m-2 and seeds m-2 in all crops except in corn.  Overall, 

barley represents the greatest opportunity to impact kochia through reduced fecundity and 

delayed flowering, with the latter providing a window of opportunity for post-harvest 

control.  The effects observed here were isolated from differences in herbicide practices 

that are associated with each of these crops, differences that have a dramatic effect on 

kochia in their own right. 

Recent reports of glyphosate-resistant kochia populations from sugar beet fields 

have been increasing in the US Northern Great Plains. Increased copies of the EPSPS 

gene, the mechanism common among glyphosate-resistant kochia populations, has been 

positively correlated with resistance level. To address information deficiency on the 

reproductive fitness of glyphosate-resistant kochia in the presence of multiple 

applications of glyphosate, field experiments were conducted to determine the fitness of 

glyphosate-resistant kochia in the presence of increasing glyphosate selection pressures 

potentially experienced within a glyphosate-resistant sugar beet field. The relative vigor 

and fecundity of near-genetically homogenous lines (susceptible, low, moderate, and high 

resistance lines based on EPSPS gene copies) were evaluated in the field. No differences 

were observed for time before flowering and time before seed set, pollen and seed 
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viability regardless of resistance level or glyphosate dose, except for 1000-seed weight 

and radicle length which were greater in the glyphosate-susceptible compared to the 

glyphosate-resistant. Relative fitness (w) of glyphosate-resistant kochia with low to 

moderate resistance was 0 (failed to produce offspring) when total glyphosate applied 

was 2,214 g ae ha-1. However,  3,954 g ae ha-1 of total glyphosate applied significantly 

reduced the relative fitness of kochia with high resistance to glyphosate (w = 0.46) 

compared to one-time application of 870 or 1,305  g ae ha-1 (w = 0.74 and w = 0.73, 

respectively). This study showed that glyphosate-resistant kochia has limited fitness cost 

associated with glyphosate resistance (reduced seed weight and radicle length). Higher 

glyphosate rates (at timely sequential applications) has the potential to reduce the 

fecundity of glyphosate-resistant kochia if present in glyphosate-resistant sugar beet field 

but the highly resistant kochia should be mechanically removed from the field.  

Widespread evolution of glyphosate-resistant weeds including kochia and the 

adoption of glyphosate-dicamba-tolerant crops has led to an increase in dicamba use in 

recent years. The presence of dicamba-resistant kochia populations in the Northern Great 

Plains threatens the utility of dicamba in the region. Dicamba resistance has been 

associated with reduced fitness in kochia but information on fitness effects of dicamba-

resistant kochia in response to increasing dicamba selection under field conditions is 

limited. In the field, the growth, relative vigor, and fecundity of a dicamba-susceptible 

and three dicamba-resistant kochia lines in response to increasing dicamba selection 

pressures were evaluated. DR1, DR2 and DR3 kochia lines with low, moderate, and high 

resistance to dicamba, respectively, showed significantly less vegetative growth and 
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reduced fecundity compared to the susceptible line (DS), and took more time before 

flowering, a barrier for flow of resistance gene(s) by cross-pollination towards 

susceptible populations. Resistance level had no effect on pollen and seed viability. 

Dicamba dosage did not affect time before flowering and seed set, pollen and seed 

viability, 1000-seed weight and seed radicle length, but reduced the biomass and seed 

production of the dicamba-resistant lines. In the absence of dicamba, relative fitness (w) 

of DR1, DR2, and DR3 was 0.67, 0.50, and 0.43, respectively, which were significantly 

different from each other and were significantly less compared to the susceptible (w = 

1.0). These were further significantly reduced to 0.002, 0.27, and 0.31, respectively, 

when dicamba was applied at  2,240 g ae ha-1. This study showed that fitness penalty 

comes with dicamba resistance and increases with resistance level. Limiting use to higher 

dicamba rates as part of an integrated weed management can potentially decrease the 

development of dicamba-resistant kochia populations in the US Great Plains.  

Due to the limited genetic background of the plant materials used in the fitness 

studies, further research is needed before any definitive conclusions can be made on the 

observed fitness penalty in dicamba-resistant kochia or the limited fitness penalty 

observed in glyphosate-resistant kochia. But nevertheless, this research suggests a fitness 

cost associated with resistances to glyphosate or dicamba in kochia. If further studies 

prove this observation true, then higher levels of dicamba resistance in kochia will be 

associated with higher levels of selective pressure against their emergence and 

persistence within crop lands. In a time when kochia populations have developed 

herbicide resistances in many agricultural cropping situations, corn and barley hold great 
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potential in terms of managing kochia herbicide resistance and with barley holding the 

most promise. Barley develops faster and earlier than wheat and is more adaptable across 

semi-arid environments, and its performance in the suppression of kochia populations 

may very well be superior as others have indicated that kochia development is adversely 

affected by cold temperatures in combination with shade in the presence of wheat 

(Fischer et al. 2000). 
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