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Abstract 
Horseweed, an important weed in no-tillage soybean and corn in Delaware as well 
as throughout the U.S., has evolved resistance to glyphosate herbicide and this 
biotype is now widespread in the mid-Atlantic region.  Currently, the foundation for 
horseweed control prior to planting has shifted to use of dicamba or 2,4-D.  
Dicamba or 2,4-D alone are not sufficient for broad spectrum weed control and is 
often tankmixed with paraquat.  This research did identify an interaction between 
paraquat or plant growth regulating herbicides, 2,4-D and dicamba.  With a species 
such as horseweed, that is less susceptible to paraquat, the addition of 2,4-D 
improved weed control over that of paraquat alone.  The use of dicamba under 
field conditions is not practical since there needs to be a 4 week delay between the 
time of dicamba application and planting soybeans.  This research further 
illustrates the need for herbicide applications to small, more susceptible horseweed 
plants.  In addition, this research did identify one population of horseweed that is 
resistant to paraquat.  More efficient use of plant growth regulator herbicides is one 
approach to resistance management that preserves the use of non-selective 
herbicides such as glyphosate and paraquat. 
 
 
Introduction and Objectives: 

Horseweed (or marestail, Conyza canadensis [L.] Cronq. [syn. Erigeron 
canadensis L.]) is often classified as a winter or summer annual plant, native to 
North America.  It has been documented worldwide, primarily in temperate 
climates.  It is found in all field settings where tillage has been reduced or 
eliminated, including non-cropped areas.  It often grows in association with other 
winter annuals.  However, as an early succession species it can develop 
essentially a monoculture in fields recently disturbed then abandoned.  It is found 
on a wide range of soil types, from coarse sandy soils to organic soils (Leroux et 
al., 1996; Weaver, 2001). 

The emergence pattern for seedlings has been described as late August 
through October, forming rosettes that overwinter (Holm et al., 1997; Weaver, 
2001).  (However, field observations in the mid-Atlantic region show emergence 
throughout the summer as well as fall and spring.)  Emergence patterns have not 
been consistent from one study in Iowa and Wisconsin that described different 
emergence patterns at different locations (Buhler and Owens, 1997).  Horseweed 
develops elongated flower stalks (bolts) in late spring, blooms in mid-July, and 
produces seed in early August.  A mature plant can reach 2 m in height.  A single 
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plant can produce more than 200,000 seeds that are wind-born with the aid of a 
pappus (Weaver, 2001). 

A number of herbicides can effectively control this species if treated in the 
rosette stage.  Previous research has examined a variety of herbicides and 
herbicide programs for control of horseweed, either as a single species or as a 
component of the weed population present at time of application (Boydston 1995; 
Bruce and Kells 1990; Kapusta 1979; Kapusta and Krausz 1993; Keeling et al. 
1989; Moseley and Hagood 1990; Polos et al. 1998; Scott et al. 1998; Vencill and 
Banks 1994; Wicks et al. 2000; Wiese et al. 1995; Wilson et al. 1985).  

However, horseweed has also developed resistance to broad-spectrum 
herbicides including triazines (Gressel et al., 1982, Weaver, 2001, Pölös et al. 
1987, Heap, 2004), paraquat (Smisek et al., 1998), paraquat/atrazine (Pölös et al. 
1988) and acetolactate synthase (ALS) inhibitors (Mark Loux, Ohio State 
University, personal communication) and glyphosate (VanGessel, 2001).  These 
represent various families of herbicides and are the principal herbicides used for 
control or suppression of horseweed.   Some populations have exhibited multiple 
resistance (paraquat and atrazine in Poland [(Pölös et al. 1988]); atrazine and an 
ALS-inhibiting herbicide in Israel, Heap, 2004). 

The introduction of glyphosate-resistant soybeans (Roundup Ready ) has 
greatly simplified weed control in soybeans.  Since the first commercial use in 
1996, the adoption rate of this technology has been phenomenal, with a projected 
75% of all U.S. soybean acres planted with a glyphosate-resistant variety (NASS, 
2002).  The increase has been largely due to use of a single active ingredient that 
can be used as many times as needed to control emerged weeds in the field 
(Carpenter et al., 2002).  In production agriculture, one to two applications are 
made after the soybeans have been planted.  The release of glyphosate-resistant 
soybeans has also increased the number of acres planted under no-tillage 
systems.  The increase in no-till has been due to the benefits of no-till (reduced soil 
erosion, moisture conservation, few passes through a field, etc.) with the simplicity 
of weed control.  This has led to an increase in no-till acres in the U.S. by 22% 
since 1996 (Fawcett and Towery, 2002).  Growers are often using glyphosate as 
their non-selective, burndown herbicide prior to planting soybeans and this further 
increases selection pressure for glyphosate resistance.  

When glyphosate tolerant crops were first introduced, the prevailing industry 
view was that weeds would not develop resistance to glyphosate. This view was 
supported by the fact that glyphosate has been used in a number of cropping 
systems around the world for some 30 years with relatively few cases of resistance 
reported (Powles and Shaner, 2001). However, in recent years a number of 
species have been confirmed resistant to glyphosate (Heap 2004). Those include 
rigid and annual ryegrass (Lolium rigidum and L. multiflorum) in Australia, South 
Africa, California and Chile, goosegrass (Eleusine indica) in Malaysia and 
horseweed (Conyza canadensis) in Delaware, Maryland, New Jersey, Tennessee, 
Kentucky, Ohio, Indiana, North Carolina, Mississippi, and Arkansas and suspected 
in Missouri and Virginia.  Hairy fleabane (Conyza bonariensis) and buckhorn 
plantain (Plantago lanceolata) have been reported in South Africa. 
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Previously, herbicide resistant weed species in the mid-Atlantic region were 
species resistant to triazines or acetolactate-synthase (ALS) inhibiting herbicides, 
and these species produced relatively heavy seeds that seldom spread greater 
than a meter from the mother plant.  Horseweed, being capable of wind-dispersal 
is a more difficult species to contain and spread to adjacent fields within a year’s 
time is very likely.  Anderson (1993) measured settling velocities of wind-dispersed 
seeds from 19 asteraceae species and found horseweed to have the lowest 
settling velocity of those measured.  Settling velocity in association with the height 
of seed release indicates significant potential for wind-dispersal of horseweed over 
considerable distances.  Field observations have revealed that in-field spread is 
very rapid and horseweed in adjacent fields or nearby fields is a serious threat to 
colonize.  This adds a new dynamic to management of a resistant species.  A 
particular farmer can be practicing very stringent resistant management strategies, 
yet significant infestations can occur from areas beyond his/her control. 

This research is part of a larger research effort examining the biology and 
control of glyphosate-resistant horseweed.  The weed science program at the 
University of Delaware has conducted (and will continue to conduct) trials on 
chemical approaches to horseweed control.  The state soybean board and private 
industry fund these trials.  The University of Delaware is currently examining 
impact of crop residue and rye cover on horseweed emergence and development, 
timing of horseweed emergence, winter survival of horseweed, and longevity of 
horseweed seed in the soil.  This research is funded from a variety of sources 
including commodity and private industry funds.  University of Delaware has made 
the seed of glyphosate-resistant horseweed available to public and industry 
research programs to investigate the mechanism of resistance.  Finally, the 
University of Delaware is working with Penn State University on the spread of 
horseweed seed and its likelihood of glyphosate-resistant biotypes to infest beyond 
its current range with a grant from the USDA NRI-CGP. 
 
 
Objective:   
 This research project focused on determining if a chemical interaction with 
paraquat and dicamba or 2,4-D exists; and if one exists, potential methods of 
alleviating the antagonism.  Second, a population of horseweed was evaluated for 
resistance to paraquat. 
 
Methods: 
 
Field trials: 
Trial 1:  Combinations of 2,4-D and paraquat.  The field location was a no-tillage 
site heavily infested with horseweed.  Treatments were arranged as a two factor 
factorial.  The first factor was paraquat timing (30, 17, and 7 days prior to planting) 
and this resulted in differences of horseweed size (3, 5, and 7 inches tall).  
Paraquat rate was 0.47 lb ai/A and all treatments were applied with a non-ionic 
surfactant at 0.25% v/v.  The second factor was 2,4-D rate of 0, 0.25 and 0.5 lb 
ai/A.  Each treatment was replicated three times. 
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 Applications were made with a hand-held backpack sprayer delivering 25 
g/A at 25 psi.  Plots were evaluated for visual control 1, 3 and 7 weeks after 
planting.  In addition to horseweed, common chickweed and field pansy were 
prevalent in the trial.   
 
Trial 2:  Paraquat and PGR-herbicide combinations for large weeds.  The field 
location was a no-tillage site heavily infested with horseweed.  Treatments were 
arranged as a two factor factorial.  The first factor was paraquat rate (0, 0.47, and 
0.75 lb ai/A) and the second was tank mix partner.  Tank mix partners included no 
additional herbicide, 2,4-D at 0.475 or 0.95 lbs ai/A or dicamba at 0.25 or 0.5 lb 
ai/A.  All treatments were applied with a non-ionic surfactant at 0.25% v/v.  Each 
treatment was replicated three times. 
 Applications were made with a hand-held backpack sprayer delivering 25 
g/A at 25 psi.  Plots were evaluated for visual control 1, 3 and 5 weeks after 
treatment.  This study was initiated in late June, thus the horseweed plants were 
tall, averaging 18 inches in height. 
 
Trial 3:  Influence of paraquat formulation.  This study examined various paraquat 
formulations to compare level of weed control.  The formulations were Gramoxone 
Extra (2.5 lb/gal), Gramoxone Max (3 lb/gal), and Gramoxone Inteon (2 lb/gal).  
The three formulations were applied at 0.312, 0.47, or 0.75 lb ai/A, and were 
applied alone or in combination with dicamba or 2,4-D.  All treatments were applied 
with a non-ionic surfactant at 0.25% v/v. The dominate weed species were 
horseweed and common chickweed.  Treatments were applied 4 weeks prior to 
planting and were replicated three times.   
 Applications were made with a hand-held backpack sprayer delivering 25 
g/A at 25 psi.  Plots were evaluated for visual control 2 and 4 weeks after planting.  
Horseweed was up to 3 inches in height in this trial at time of application. 
 
Greenhouse trial: 
 

Horseweed seed was collected at maturity from a soybean field located 
near Georgetown, DE from plants surviving sequential paraquat applications of 
0.84 followed by 0.63 lb ai/A.  Applications were made 1 week apart.  Seeds were 
also collected from horseweed plants growing at the University of Delaware’s 
Research and Education Center (UD-REC), near Georgetown, DE.  The field at 
UD-REC had not been treated with paraquat in the past 5 yr.  Seed form UD-REC 
served as a susceptible check.   

Seeds were planted 0.5 cm deep in flats with commercial potting mix1.  
Plants were placed in a greenhouse with temperatures from 28 to 35 C and 
daylength was extended to 15 hr using high-pressure sodium lights2.  Two week 
old seedlings were transplanted to individual pots (9 by 9 by 10 cm) with one plant 
per pot.  Plants were irrigated twice a day.  Seedlings were treated 4 wk after 
planting, with paraquat at rates of 0, 0.017, 0.034, 0.067, 0.14, 0.28, 0.56, 1.12, 
2.24, and 4.48 lbs kg ai/ha.  All herbicide treatments included a non-ionic 
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surfactant at 0.25% v/v.  Herbicide treatments were applied with a compressed air 
cabinet sprayer calibrated to deliver 234 l ha-1 at 173 kPa. 
 The experimental design was a randomized complete block with a two 
factor factorial arrangement of treatments.  The first factor was biotype, suspected 
resistant from Georgetown (R) or susceptible (S) from UD-REC.  The second 
factor was paraquat rate.  Each treatment was replicated four times and the 
experiment was repeated.   
 Plants were visually evaluated for percent control at weekly intervals after 
treatment (0= no apparent reduction in plant biomass and 100= dead horseweed).  
Three wk after treatment, plants were clipped at the soil surface, dried at 43 C for 4 
d, and weighed. 
 Average biomass per plant was expressed as a percent of the untreated 
control plants and square root transformation was used to achieve homogeneity of 
variance.  Nonlinear regression parameters were predicted using the sigmoid 
model as described by SigmaPlot (2000) that relates biomass as a percent of the 
control (Y) to the herbicide rate (x): 

b

GRx 50-

e 1

a
 Y    [1] 

In this equation, a is the upper response limit, GR50 is the herbicide rate that 
results in a 50% reduction in biomass, and b is the slope of the curve around GR50.  
The level of resistance was determined by calculating an R/S ratio (GR50 for the R 
biotype divided by GR50 for the S biotype). 
 
 
Results and Discussion: 

Field Trial 1:  Combinations of 2,4-D and paraquat.   Field pansy and 
common chickweed control was excellent for all treatments, with greater than 95% 
control for all treatments at both assessment dates.  The addition of 2,4-D did not 
reduce the control of either species.   

Horseweed control decreased with the increasing size of horseweed.  
Applications made 30 days prior to planting resulted in 100% control regardless of 
2,4-D rate.  Horseweed control was improved with 2,4-D compared to paraquat 
alone when made 17 days prior to planting (5 inch tall horseweed plants).  
Paraquat alone provided 85% control when evaluated 3 weeks after planting, but 
95% control or better when 2,4-D was added (regardless of rate).  Control of taller 
horseweed plants (7 inches tall; applications 7 days prior to planting) showed a 
rate response with 2,4-D.  Paraquat alone provided only 42% control when 
evaluated 3 weeks after planting, and control was 69 and 85% when 2,4-D was 
added at 0.24 and 0.47 lbs ai/A.  Treatments with 2,4-D alone were not included in 
this trial. 
 The horseweed plants were at different sizes for each application date.  
Also, no rainfall was recorded for one week prior to the first application until after 
the last treatment was applied.  Rainfall of 1.7 inches was recorded within 5 days 
after the last application.  So differences in application timing were influenced by 
horseweed size, but moisture stress may have had some impact as well.  It should 
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be noted that differences in application timing were noted only with horseweed, not 
the other two species in the trial. 
 No negative interaction was observed with weed control when 2,4-D ester 
was added to paraquat.  The weeds species present represented a range of 
susceptibility to paraquat, ranging from highly susceptible (common chickweed) to 
less susceptible (horseweed).   
 

Field Trial 2:  Paraquat and PGR-herbicide combinations for large weeds 
This study was conducted on large horseweed plants at a later time of application 
than most fields are treated (late June and averaging 18 inches tall).  Ratings 
collected 5 weeks after treatment are provided.  Each active ingredient was applied 
alone at two rates which provided information on the most effective herbicide.  
Dicamba, regardless of rate, was the most effective with greater than 93% control, 
2,4-D at 0.95 lb ai/A provided  76% control, while 2,4-D at 0.475 lb ai/A and 
paraquat, regardless of rate provided approximately 60% control. 

There were interactions when the herbicides were used in combination with 
one another.  Horseweed control >80% was observed with paraquat at either rate 
combined with either high rates of 2,4-D or dicamba.  The LSD value from the 
analysis of variance was 20, so a value of 80 is within a range of commercially 
acceptable control and the treatments are not significantly different from one 
another.  The addition of low rates of 2,4-D or dicamba did not improve horseweed 
control over paraquat alone.  High rates of 2,4-D combined with paraquat did not 
improve horseweed control compared to the same rate of 2,4-D alone.  The 
combination of paraquat plus dicamba reduced the level of control compared to 
dicamba alone (however, it was greater control than observed with paraquat 
alone). 

An interaction was observed in this trial, but not in Field trial 1 due to the 
size (susceptibility) of the horseweed plants.  In trial 1, 2,4-D was not applied alone 
so there is no comparison to the combination with paraquat, for instance, did the 
addition of paraquat reduce the control expected with 2,4-D alone.  However, in 
both trials 1 and 2, the addition of 2,4-D to paraquat improved horseweed control 
compared to paraquat alone. 
 The interaction was only observed on the later applications in Trial 1 (taller 
plants) and in Trial 2.  It is very difficult to grow horseweed plants in the 
greenhouse and get them to bolt.  Thus it was not possible to explore the 
interaction of paraquat and PGR’s in more detail. 
 

Field Trial 3:  Influence of paraquat formulation.  This study included two 
species that differ in their susceptibility to paraquat.  Common chickweed (highly 
susceptible to paraquat) control was at least 98% for all formulations and rates.  
For horseweed, there was no difference between the three formulations of 
paraquat, all providing the same level of control.  The lower paraquat rate (0.312 lb 
ai/A) did not provide as effective control as the two higher rates.  The 0.312 lb ai/A 
rate resulted in 95 and 84% control at 2 and 4 weeks after treatment, respectively.  
The other two rates provided at least 99 and 97% control at 2 and 4 weeks after 
treatment, respectively. 
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 No reduction in either common chickweed or horseweed control was 
observed when 2,4-D or dicamba was included as a tankmix partners with 
paraquat. 
 
Greenhouse trial:   

Visual horseweed control and dry weight were best described by a 
sigmoidal function of the paraquat rate for both the Georgetown and UD-REC 
biotypes.  Rate by biotype interaction was highly significant (P = 0.0001).  The 
interaction indicates that the Georgetown and UD-REC biotypes responded 
differently to the same paraquat rates.  Greater than 90% visual control was 
achieved with 0.14 kg ha-1 for the UD-REC biotype while 4.5 kg ha-1 was required 
for the Georgetown biotype (unpublished data).  There were differences between 
the biomass of the two biotypes for most paraquat rates (P = 0.0001).  Differences 
were not detected at the 0 and 4.5 kg ha-1. 
 The UD-REC biotype required a paraquat application of 0.017kg ha-1 to 
reduce biomass by 50%.  However, the Georgetown biotype required 0.56 kg ha-1 
to achieve at least 50% reduction in biomass.  A 22-fold difference between the 
GR50 for the two biotypes was determined.   

This is similar to the level of paraquat resistance observed with horseweed 
in Ontario Canada (Smisek et al., 1998), but lower than other reports for Conyza 
canadensis (Fuerst and Vaughn 1990; Szigeti and Lehoczki, 2003; Turcsanyi et al. 
1998).  It has been reported that levels of resistance can change with size/stage of 
the plants and can change with methodology of determining resistance (Smisek et 
al., 1998; Turcsanyi et al. 1998).   
 The cases of paraquat resistance in Ontario were selected for by multiple 
applications per year in orchards.  The Georgetown biotype has not been 
subjected to intense selection pressure.  The field had been tilled prior to corn or 
soybeans at least 4 of the previous 5 years.  Due to the aerial dissemination of the 
horseweed seed, the history of the field where the resistant plants were identified 
may have little impact on selection of resistance.  The reproduction, dispersal, and 
germination ecology for horseweed make it a species likely to infest adjacent and 
distant fields (Holm et al., 1997; Weaver, 2001).  This species can grow 1.8 m tall.  
It produces a large number of small seeds, whose wind dispersal is the most likely 
means of spread of resistance between populations.  Horseweed seeds are able to 
germinate and establish in undisturbed soils, providing the potential to colonize no-
till fields as well as undisturbed sites.  Outcrossing has been documented with 
horseweed, increasing the potential for spreading the resistant genes among and 
between populations. 

Horseweed biotypes have been documented as resistant to various  
triazines, bipyridyliums, sulfonylureas, and glyphosate.  This is the first case of 
paraquat resistance in the Mid-Atlantic States, for any species.  However, with the 
presence of orchards in the region and early adoption of no-tillage production 
systems, it is likely that resistance to paraquat is more wide-spread than this one 
observation. 
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Conclusions and Relevance of Findings to the CANR Plan of Work: 
 

This research did identify an interaction between paraquat or plant growth 
regulating herbicides, 2,4-D and dicamba.  With a species such as horseweed, that 
is less susceptible to paraquat, the addition of 2,4-D improved weed control over 
that of paraquat alone.  The use of dicamba under field conditions is not practical 
since there needs to be a 4 week delay between the time of dicamba application 
and planting soybeans.  This research further illustrates the need for herbicide 
applications to small, more susceptible horseweed plants. 
 This research did identify one population of horseweed that is resistant to 
paraquat.  More efficient use of plant growth regulator herbicides is one approach 
to resistance management that preserves the use of non-selective herbicides such 
as glyphosate and paraquat. 

Future research needs to determine the mechanism of paraquat resistance 
in horseweed as well as the pattern of inheritance.  Furthermore, determining the 
range of the resistant biotypes and better understanding of the resistant and 
susceptible biotypes’ biology and ecology is essential for developing effective long-
term management strategies. 

 
 
 
Project Relevance to CANR: 
 
 This proposal addressed priorities outlined by the College of Agriculture and 
Natural Resources, specifically:  Program 1.2. agronomic, vegetable, and 
horticultural crop production; Program 1.3. risk management; and Program 2.1. 
fate and remediation of nutrients, organics, and metals. 
 
Program 1.2, emphasizes increased productivity and profitability of agronomic, 
vegetable, and ornamental crop producers through reduced costs of production, 
improved percentage of marketable product per acre, improved cultural techniques 
and adoption of improved crop and vegetable varieties.  It also states “focused on 
development of improved methods for control of . . . weeds . . ., especially those of 
importance to Delaware.” 
 
Weed control prior to planting a crop under no-till conditions is critical.  This 
research illustrates the value of herbicide applications to small, more susceptible 
plants.  It allows for lower herbicide rates (reduced costs) and more efficacious 
treatments. 
 
 
Program 1.3, includes risk management associated with production practices by 
improving production efficiency resulting from adopting improved procurement, 
production, inventory, quality, marketing and distribution systems.  Delaware 
producers must manage their risk effectively. Risk management requires the 
control of both production and marketing risks. While new risk management 
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alternatives have been and continue to be developed, these new alternatives 
create more complex decisions for producers in terms of selecting appropriate risk 
management tools and marketing strategies.  
 
Altering the standard weed management program for no-tillage production requires 
that growers consider herbicide-resistant weed management.  In light of 
glyphosate and paraquat resistance in Delaware and concern about ALS-resistant 
weed biotypes, growers will need to adopt usage of a PGR herbicide for 
horseweed management; thus, reducing the risk of selecting biotypes resistant to 
other herbicide classes.  It should be noted this approach will also increase their 
level of management. 
 
 
Program 2.1, emphasizes harmony between agricultural production and the 
environment.  This includes the adoption of no-tillage crop production that reduces 
erosion.   
 
Lack of effective herbicidal control of existing vegetation prior to no-till planting will 
dramatically reduce the popularity and use of no-tillage.  With no-till, herbicides 
have replaced tillage and allowed the grower to achieve the environmental and 
crop production benefits of not disturbing the soil.  In a few situations, growers 
have had to use tillage to control glyphosate-resistant horseweed and the aim of 
this research is to ensure there are effective options to continue no-tillage 
practices. 
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