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Abstract 
Tolpyralate is a new benzoylpyrazole herbicide for weed management in 
corn. It is recommended to be co-applied with atrazine along with the adju-
vants methylated seed oil concentrate (MSO) plus an ammonium nitrogen 
fertilizer, such as urea ammonium nitrate (UAN). Two studies were con-
ducted on glyphosate-resistant (GR) Canada fleabane and GR waterhemp to 
determine if an additional adjuvant is still required when tolpyralate plus 
atrazine are tankmixed with a commercial glyphosate formulation (Roundup 
WeatherMAX®) in corn. Trials were conducted over a two-year period 
(2018-19) on farms in south western Ontario with confirmed GR populations. 
When co-applied with Roundup WeatherMAX®, the addition of MSO to 
tolpyralate + atrazine increased control of GR waterhemp 9%; however, there 
was no increase in GR Canada fleabane control from the addition of addi-
tional adjuvants. At 8 WAA, all treatments provided > 91% and > 84% con-
trol of GR waterhemp and GR Canada fleabane, respectively. This study con-
cludes that the addition of Roundup Weathermax® to tolpyralate plus atrazine 
improves the control of GR waterhemp and GR Canada fleabane in corn. 
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1. Introduction 

Glyphosate-resistant (GR) waterhemp (Amaranthus tuberculatus) and GR Can-
ada fleabane (Conyza canadensis L. Cronq.) are prevalent across parts of south-

How to cite this paper: Langdon, N.M., 
Soltani, N., Raedar, A.J., Hooker, D.C., 
Robinson, D.E. and Sikkema, P.H. (2020) 
Influence of Adjuvants on the Control of 
Glyphosate-Resistant Canada Fleabane and 
Waterhemp in Corn with Tolpyralate. Amer-
ican Journal of Plant Sciences, 11, 354-371. 
https://doi.org/10.4236/ajps.2020.113026 
 
Received: February 13, 2020 
Accepted: March 20, 2020 
Published: March 23, 2020 
 
Copyright © 2020 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/  

  
Open Access

https://www.scirp.org/journal/ajps
https://doi.org/10.4236/ajps.2020.113026
https://www.scirp.org/
https://doi.org/10.4236/ajps.2020.113026
http://creativecommons.org/licenses/by/4.0/


N. M. Langdon et al. 
 

 

DOI: 10.4236/ajps.2020.113026 355 American Journal of Plant Sciences 
 

ern Ontario and negatively affect net returns for affected farmers. Waterhemp is 
a dioecious, competitive, troublesome weed with an extended emergence from 
early spring until October [1]. Early emerging waterhemp has a competitive ad-
vantage over later emerging summer annual weeds, and the extended emergence 
pattern necessitates season-long residual weed control programs for the control 
of late emerging cohorts [2] [3]. Following pollination, one female waterhemp 
plant can produce up to 4.8 million small, black seeds in ideal conditions [2]. 
Seeds can remain viable in the soil for up to two decades; however, most seeds 
will germinate or decay within the first three years [3] [4] [5]. Waterhemp seeds 
can be transported by human activity, equipment, via waterways and by migra-
tory waterfowl. As a dioecious plant, waterhemp requires cross pollination, re-
sulting in genetic and phenotypic variability, accelerated spread of resistance 
genes, and the ability to adapt to diverse environmental conditions [6]. Globally, 
there are waterhemp biotypes with resistance to seven herbicide modes of action: 
acetolactate synthase inhibitors, synthetic auxins, photosystem II inhibitors, 
5-enolpyruvyl shikimate-3-phosphate synthase inhibitors (EPSPS), protopor-
phyrinogen IX oxidase inhibitors, very long chain fatty acid elongases inhibitors, 
and 4-hydroxyphenyl-pyruvate dioxygenase inhibitors (HPPD), belonging to 
WSSA Herbicide Groups 2, 4, 5, 9, 14, 15 and 27, respectively [7]. The first GR 
waterhemp population in Ontario was confirmed from seed collected in 2014 in 
Lambton county [1]. After the initial discovery, GR waterhemp is now present in 
11 Ontario counties [1] [8], a distance of 500 km. Waterhemp biotypes in On-
tario have confirmed resistance to Groups 2, 5, 9, and 14 herbicides [7]. Of the 
waterhemp populations in Ontario, it was estimated that 61% have 3-way multi-
ple resistance to imazethapyr, atrazine and glyphosate [1]. Glyphosate resistance 
in waterhemp can be due to target or non-target site mechanisms. EPSPS gene 
amplification, an amino acid substitution (Pro-Ser) at position 106, and reduced 
translocation are herbicide resistance mechanisms that confer resistance to gly-
phosate [9] [10]. Compared to other Amaranthus species, waterhemp is not as 
competitive as Palmer amaranth (A. palmeri S. Wats); however, it is more com-
petitive and causes greater yield reductions than redroot pigweed (A. retroflexus 
L.) [11]. 

Canada fleabane is a widely adapted winter or summer annual weed that is 
native to North America [12]. The ability for Canada fleabane seeds to germinate 
in the fall and over-winter as rosettes allows plants to establish and grow without 
competition from neighbouring summer annual weeds and crops [12]. Seedlings 
that emerge in the spring will bypass the rosette stage and begin stem elongation 
soon after emergence [13]. In Ontario, Canada fleabane seed can germinate 
throughout the year if temperatures exceed the base germination temperature 
range of 8.0˚C - 9.5˚C; the extended emergence pattern requires residual herbi-
cides for full-season weed control [14]. Canada fleabane is a self-pollinating spe-
cies that begins flowering in mid-July and matures by mid-September [12]. 
Canada fleabane is a prolific seed producer, with seed production per plant pro-
portional to plant height; a 1.5-m tall plant can produce up to 230,000 seeds per 
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plant [12] [15]. Canada fleabane seeds have a small attached pappus that aids in 
wind dispersal; seeds can travel long distances of up to 500 km [16]. Canada 
fleabane seeds germinate on or near the soil surface, at depths up to 0.5 cm, 
making this species well-adapted to no-till crop production systems [17]. Multi-
ple applications of glyphosate are often used for weed control in no-till GR 
cropping systems; this may have contributed to the evolution of GR Canada 
fleabane biotypes [17]. The first confirmed population of GR Canada fleabane 
was discovered in 2001 in a GR soybean field near Delaware, USA, that received 
glyphosate applications for three consecutive years [18]. In 2010, the first popu-
lation of GR Canada fleabane was discovered in Ontario in Essex County, and by 
2015, GR populations were found in 30 counties across southern Ontario from 
the Michigan to the Quebec border [19]. Resistance in GR Canada fleabane is 
primarily caused by non-target site resistance mechanisms: vacuolar sequestra-
tion and enhanced metabolism where the herbicide does not reach the target site 
at a lethal dose [20] [21]. More recently, a proline to serine amino acid substitu-
tion at position 106 was identified that confers resistance to glyphosate by alter-
ing the target site for herbicide binding [22]. Resistance to herbicides adds com-
plexity to the management of Canada fleabane. 

Tolpyralate is a Group 27, HPPD-inhibiting herbicide for use in corn that is 
recommended to be applied as a tankmix with atrazine [23] [24] [25] [26]. 
Tolpyralate plus atrazine, applied POST, provides control of annual grass and 
broadleaf weed species including Canada fleabane and Amaranthus spp. [24] 
[27]. On the Canadian and US labels, tolpyralate plus atrazine provides “control” 
of both common (A. rudis) and tall (A. tuberculatus) waterhemp; however, only 
the US label lists “partial control” of Canada fleabane [25] [28]. 

The recommended adjuvants with tolpyralate are MSO Concentrate (1% v/v) 
and a nitrogen source such as UAN or ammonium sulfate (AMS) (2.5% v/v) to 
improve herbicide efficacy [28]. Defined by the Weed Science Society of Amer-
ica, an adjuvant is any substance added to the spray tank, or present in an herbi-
cide formulation that enhances herbicidal activity or application characteristics. 
Selection of an appropriate adjuvant at the proper concentration can improve 
herbicide coverage on various leaf surfaces [29]. Adjuvants can decrease surface 
tension and contact angle (angle between the leaf surface and the spray droplet), 
as well as influence wetted area and evaporation time, and play a role in the 
deposition patterns on leaf surfaces [30]. Many herbicides require the addition 
of an adjuvant for optimal performance. Topramezone, another Group 27 herbi-
cide, has enhanced efficacy with the addition of MSO due to increased absorp-
tion and translocation of the herbicide in the plant [31]. Quinclorac efficacy is 
enhanced with the addition of MSO and a nitrogen fertilizer that combats an-
tagonistic salts present in the carrier water [32]. 

Adjuvants can also be already present in the herbicide formulation. For exam-
ple, most commercial glyphosate formulations in Canada are formulated with an 
adjuvant. For example, Roundup WeatherMAX® contains proprietary surfac-
tants to improve the penetration of the herbicide into the plant tissue [33]. In a 
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tankmix, glyphosate formulations have been found to influence crop injury [34], 
weed control [35] [36] or absorption and translocation of the tank mix partners. 
Adjuvants add an additional cost to the complete weed control program. In On-
tario, adjuvants can cost up to $10.00 ha−1 (Agris Co-operative, personal com-
munication) and require the handling of multiple product containers. 

Based on previous research, it is evident that there is an interaction between 
commercial glyphosate formulations and various herbicides that may be the re-
sult of the aggressive adjuvant system in the formulation. Roundup Ready® hy-
brids account for 96% of corn acreage in Eastern Canada (M. Reidy, Stratus, 
personal communication), thus the most common use pattern for tolpyralate 
plus atrazine will be tankmixed with glyphosate. It is unknown whether the ad-
juvant in Roundup WeatherMAX® is sufficient for maximum herbicide efficacy 
with tolpyralate plus atrazine, or if additional adjuvants are still required [33]. 
The objective of this study was to determine if additional adjuvants (MSO and 
UAN) are required when tolpyralate plus atrazine is tankmixed with Roundup 
WeatherMAX® for the control of GR waterhemp and GR Canada fleabane. 

2. Materials and Methods 

This manuscript summarizes two distinct studies: Study 1- Impact of adjuvants 
on tolpyralate + atrazine efficacy for the control of GR waterhemp, and Study 2- 
Impact of adjuvants on tolpyralate + atrazine efficacy for the control of GR 
Canada fleabane. 

2.1. Study 1 

Six field trials (as listed in Table 1) were conducted over a two-year period 
(2018, 2019) at sites with confirmed GR waterhemp on Walpole Island and near 
Cottam, ON [1]. The seedbed was prepared with two passes of a cultivator with 
rolling basket harrows. All sites were fertilized according to soil test results and 
crop requirements; the fertilizer was applied prior to seeding and incorporated 
into the soil. DKC45 - 65 RIB corn (Monsanto Co., St. Louis, MO) was seeded at 
approximately 83,000 seeds∙ha−1 to a depth of 4 cm in rows spaced 75 cm apart. 
The experimental design was a two-way, 2 by 5 factorial: Factor One was 
Roundup WeatherMAX®, and Factor Two was five tolpyralate + atrazine treat-
ments including: no tank mix partner, tolpyralate + atrazine, tolpyralate + 
atrazine + MSO, tolpyralate + atrazine + UAN, and tolpyralate + atrazine + 
MSO + UAN. Methylated seed oil (MSO Concentrate®, Loveland Products Inc., 
Loveland CO) and 28% UAN were added according to label directions. Trials 
were organized as a randomized complete block with 4 replicates. Plots were 
2.25 m wide (3 corn rows spaced 75 cm apart) and 8 m long. To remove suscep-
tible waterhemp biotypes and non-target weed species, glyphosate (450 g∙ae∙ha−1) 
was applied after crop emergence using a tractor mounted sprayer to the entire 
experimental area. Table 1 lists waterhemp sites, planting and herbicide applica-
tion dates. 
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Table 1. Year, location, planting and herbicide application dates for six trials on control 
of glyphosate-resistant waterhemp with Roundup WeatherMax® plus tolpyralate plus 
atrazine plus adjuvants, applied postemergence, in Ontario in 2018 and 2019. 

Species Year Nearest Town Planting Date Herbicide Application Date 

GR Waterhemp 2018 Cottam June 2 June 21 

 2018 Walpole Island June 1 June 29 

 2018 Walpole Island June 11 July 9 

 2019 Cottam June 19 July 10 

 2019 Walpole Island June 25 July 16 

 2019 Walpole Island June 25 July 18 

 
Herbicide treatments were applied with a CO2 pressurized backpack sprayer 

calibrated to deliver 200 L∙ha−1 at 240 kPa equipped with a 1.5 m handheld 
boom. The boom was equipped with four ULD12002 nozzles (Pentair, New 
Brighton, MN, USA) spaced 50 cm apart producing a spray width of 2 m. Herbi-
cides were applied when GR waterhemp averaged 10 cm in height. 

Corn injury at 1, 2 and 4 WAA, and weed control at 2, 4, 8 and 12 WAA was 
assessed visually on a percent scale where 0 indicates no corn injury/weed con-
trol and 100 complete plant death. Waterhemp density and dry biomass were 
determined by counting and cutting waterhemp at the soil surface from two 0.25 
m2 quadrats per plot, placing them in paper bag, drying the biomass to a con-
stant mass at 60 C, and then weighing. Corn was harvested from two rows in 
each plot at maturity with a small plot combine; grain weight and moisture con-
tent were recorded. Corn grain yield was expressed as tonnes ha−1 and adjusted 
to 15.5% moisture before statistical analysis. 

2.2. Study 2 

Materials and methods were similar to Study 1, with the exception that the weed 
species evaluated was GR Canada fleabane and present at different sites located 
near Dresden, Thamseville, Harrow, Ridegtown and Zone Centre; all sites were 
managed no-till. Table 2 lists GR Canada fleabane sites, planting and herbicide 
application dates. 

2.3. Statistical Analysis 

For both studies, data were analyzed as a 2 by 5 factorial, variance analysis was 
performed using PROC GLIMMIX in SAS v. 9.4 (SAS Institute, Cary, NC). Data 
were pooled across years and locations for analysis. Each location-year indicates 
an environment for a total of 6 environments in study 1 and 5 environments in 
study 2. Variances were partitioned into random and fixed effects. Random ef-
fects were environment, replication within environment, environment and its 
interaction with each fixed effect. Fixed effects were Factor One, Factor Two and 
the interaction between Factor One and Two. The significance of fixed effects 
was tested using F-tests and random effects were tested using Z-tests with α  
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Table 2. Year, location, planting and herbicide application dates for six trials on control 
of glyphosate-resistant Canada fleabane with Roundup WeatherMAX® plus tolpyralate 
plus atrazine plus adjuvants, applied postemergence, in Ontario in 2018 and 2019. 

Species Year Nearest Town Planting Date 
Emergence 

Date 
Herbicide  

Application Date 

GR horseweed 2018 Ridgetown May 9 May 20 May 11 

 2018 Thamesville May 9 May 20 May 11 

 2018 Harrow May 25 May 31 May 25 

 2019 Zone Centre May 22 May 29 May 24 

 2019 Ridgetown May 24 May 30 May 24 

 
assigned as 0.05. The assumptions of variance analyses (residuals have mean of 
zero, are homogeneous, and normally distributed) were tested using a 
Shapiro-Wilk test of normality and scatterplot of studentized residuals. An ap-
propriate distribution and link were assigned to each parameter to meet those 
assumptions. Weed control data were transformed using arcsine square root; 
weed density and biomass data were log-transformed. Treatment comparisons 
for main effects were performed only when the interaction was not significant. 
Simple effects were analyzed when the interaction was significant. Treatment 
comparisons were made based on least-square means using Tukey-Kramer’s 
multiple range test and letter codes were assigned to illustrate statistically sig-
nificant differences. The means of transformed data were converted back to the 
original scale for presentation of results. 

3. Results 
3.1. Study 1 

Data analysis indicated that the Roundup Weather MAX® by tolpyralate + 
atrazine interaction was not significant for GR waterhemp density (P = 0.6348) 
and biomass (P = 0.9906) and corn yield (P = 0.3225) (Table 3). Averaged across 
all tolpyralate + atrazine treatments, the addition of Roundup WeatherMAX® 
was not significant for GR waterhemp density and biomass and corn yield 
(Table 3). Averaged across the 0 and 900 g∙ae∙ha−1 of Roundup WeatherMAX®, 
tolpyralate + atrazine reduced GR waterhemp density and biomass, the decrease 
in density and biomass were greater with the addition of MSO or MSO + UAN 
compared to UAN. There was no effect of Roundup WeatherMAX® or tolpyra-
late + atrazine treatment on corn yield (Table 3). There was a significant gly-
phosate by tolpyralate + atrazine interaction for weed control at 2, 4, 8 and 12 
WAA (P < 0.0001) (Table 4). 

3.1.1. Crop Injury 
Corn injury was less than 10% in all treatments (data not presented). 

3.1.2. Weed Control 
At 2 WAA, tolpyralate + atrazine controlled GR waterhemp 76%, control increased 
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Table 3. Significance of main effects and interactions for glyphosate-resistant waterhemp control, density, and biomass and corn 
yield with Roundup WeatherMAX® plus tolpyralate plus atrazine from six trials conducted in 2019. 

 Visible Weed Control (%)    

Main effects 2 WAAa 4 WAA 8 WAA 12 WAA 
Densityf 

(no∙m−2) 
Biomassf 

(g∙m−2) 
Yield 

(t∙ha−1) 

Roundup WeatherMax® (g∙ae∙ha−1)        

0 70 74 77 76 161a 58a 12.4a 

900 78 81 83 83 156a 25a 12.7a 

SEb 2 2 2 2 11 4 0.2 

Roundup Weather MAX® P-value 0.0060 0.0025 0.0068 0.0113 0.9804 0.1193 0.5018 

Tolpyralate + atrazine treatmentsc        

No tank mix partner 3 2 2 3 199a 132a 11.9a 

Tolpyralate + Atrazine 79 83 90 91 112bc 28b 12.9a 

Tolpyralate + Atrazine + MSOd 95 97 98 97 19c 2c 12.5a 

Tolpyralate + Atrazine + UANe 88 90 93 92 169b 24b 13.0a 

Tolpyralate + Atrazine + MSO + UAN 96 97 98 97 13c 1c 12.5a 

SEb 2 2 2 2 11 4 0.2 

Tolpyralate + atrazine P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1353 

Interaction        

Roundup Weather MAX®*tolpyralate + atrazine P-value <0.0001 0.0001 0.0216 0.0085 0.6348 0.9906 0.3225 

aWAA, weeks after treatment application. bStandard error of the mean. cTolpyralate applied at 30 g∙ai∙ha−1; atrazine applied at 560 g∙ai∙ha−1. dMSO, 0.50% v/v. 
eUAN, 2.50% v/v. fDensity and biomass collected 8 WAA. Means within column followed by the same lowercase letter are not statistically different accord-
ing to Tukey-Kramer’s LSD (P = 0.05). 

 
11% to 19% with the addition of the adjuvants MSO, UAN or MSO + UAN 
(Table 4). Roundup WeatherMAX® applied alone controlled waterhemp 10%. 
Glyphosate + tolpyralate + atrazine controlled GR waterhemp 82%, there was no 
further increase in control with the addition of MSO, UAN or MSO + UAN. The 
addition of Roundup WeatherMAX® to tolpyralate + atrazine improved GR wa-
terhemp control 6%. In contrast, when tolpyralate + atrazine was applied with 
either MSO, UAN or MSO + UAN there was no further increase in GR water-
hemp control when co-applied with Roundup WeatherMAX®. 

At 4 WAA, tolpyralate + atrazine controlled GR waterhemp 79%, the addition 
of MSO or MSO + UAN improved GR waterhemp control 17% and 18%, re-
spectively (Table 4). When MSO was the adjuvant, there was no further increase 
in GR waterhemp control with the addition of UAN. Roundup WeatherMAX® 
and Roundup WeatherMAX® + tolpyralate + atrazine controlled waterhemp 8 
and 89%, respectively. The addition of MSO to Roundup WeatherMAX® + 
tolpyralate + atrazine increased GR waterhemp control 9%; there was no im-
provement in GR waterhemp control when UAN or MSO + UAN were added to 
Roundup WeatherMAX® + tolpyralate + atrazine. Similar to 2 WAA, the addi-
tion of Roundup WeatherMAX® to tolpyralate + atrazine improved GR  
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Table 4. Glyphosate-resistant waterhemp control 2, 4, 8 and 12 WAA with Roundup 
WeatherMAX® plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 
and 2019. 

 Roundup WeatherMAX® (g∙ae∙ha−1) 
SE 

 0 900 

Visible Weed Control 2 WAAa (%) --------------------(%)-----------------  

No tank mix partner 0c Y 10b Z 1 

Tolpyralate + Atrazinec 76b Y 82a Z 3 

Tolpyralate + Atrazine + MSOd 95a Z 95a Z 1 

Tolpyralate + Atrazine + UANe 87a Z 90a Z 3 

Tolpyralate + Atrazine + MSO + UAN 95a Z 96a Z 1 

SEb 3 3  

Visible Weed Control 4 WAA (%)   

No tank mix partner 0c Y 8c Z 1 

Tolpyralate + Atrazine 79b Y 89b Z 3 

Tolpyralate + Atrazine + MSO 96a Z 98a Z 1 

Tolpyralate + Atrazine + UAN 88ab Z 92ab Z 2 

Tolpyralate + Atrazine + MSO + UAN 97a Z 97ab Z 1 

SE 3 3  

Visible Weed Control 8 WAA (%)    

No tank mix partner 0c Y 9b Z 2 

Tolpyralate + Atrazine 89a Z 91a Z 3 

Tolpyralate + Atrazine + MSO 97a Z 98 a Z 1 

Tolpyralate + Atrazine + UAN 92a Z 93a Z 2 

Tolpyralate + Atrazine + MSO + UAN 98a Z 98a Z 1 

SE 3 3  

Visible Weed Control 12 WAA (%)   

No tank mix partner 0b Y 12b Z 1 

Tolpyralate + Atrazine 89a Z 93a Z 3 

Tolpyralate + Atrazine + MSO 96a Z 97a Z 1 

Tolpyralate + Atrazine + UAN 92a Z 92a Z 2 

Tolpyralate + Atrazine + MSO + UAN 96a Z 97a Z 1 

SE 4 3  

aWAA, weeks after treatment application. bStandard error of the mean. cTolpyralate applied at 30 g∙ai∙ha−1; 
atrazine applied at 560 g∙ai∙ha−1. dMSO, 0.50% v/v. eUAN, 2.50% v/v. Means within column followed by the 
same lowercase letter, or means within row followed by the same uppercase letter, are not statistically dif-
ferent according to Tukey-Kramer’s LSD (P = 0.05). 

 
waterhemp control 10%; however, there was no increase in GR waterhemp con-
trol when Roundup WeatherMAX® was added to tolpyralate + atrazine when 
applied with MSO, UAN or MSO + UAN. 
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At 8 and 12 WAA, tolpyralate + atrazine controlled GR waterhemp 89%, there 
was no increase in GR waterhemp control with the addition of MSO, UAN or 
MSO + UAN (Table 4). At 8 and 12 WAA, Roundup WeatherMAX® + tolpyra-
late + atrazine controlled GR waterhemp 91% and 93%, respectively; there was 
no increase in GR waterhemp control with the addition of MSO, UAN or MSO 
+ UAN. 

3.2. Study 2 

Based on data analysis, the Roundup WeatherMAX® by tolpyralate + atrazine 
interaction was not significant for GR Canada fleabane density (P = 0.7426) or 
biomass (P = 0.4563) (Table 5). Averaged over all tolpyralate + atrazine treat-
ments, the addition of Roundup WeatherMAX® had no effect on GR Canada 
fleabane biomass or density (Table 5). Averaged over 0 and 900 g∙ae∙ha−1 of 
Roundup WeatherMAX®, tolpyralate + atrazine reduced GR Canada fleabane 
density; there was no further decrease in density with the addition of MSO, UAN 
or MSO + UAN. Tolpyralate + atrazine reduced GR Canada fleabane biomass, 
there was no further decrease in biomass with the addition of MSO, UAN or 
MSO + UAN. There was a significant Roundup WeatherMAX® by tolpyralate + 
atrazine interaction for weed control at 2, 4 and 8 WAA (P < 0.0045) and corn 
yield (P = 0.0003) (Table 6). 
 

Table 5. Significance of main effects and interactions for glyphosate-resistant Canada fleabane control, density, and biomass and 
corn yield with Roundup WeatherMAX® plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 and 2019. 

 Visible Weed Control (%)    

Main effects 2 WAAa 4 WAA 8 WAA 
Densityf 

(no∙m−2) 
Biomassf 

(g∙m−2) 
Yield 

(t∙ha−1) 

Roundup WeatherMAX® (g∙ae∙ha−1)       

0 59 64 71 356a 217a 11.8 

900 74 77 82 497a 129a 12.7 

SEb 2 2 2 9 7 0.3 

Roundup WeatherMAX® P-value 0.0272 0.0211 0.0318 0.7579 0.2678 0.1053 

Tolpyralate + atrazine treatmentsc       

No tank mix partner 4 5 7 575a 368a 9.1 

Tolpyralate + Atrazine 68 77 86 174b 92b 12.8 

Tolpyralate + Atrazine + MSOd 94 96 97 67b 12b 12.9 

Tolpyralate + Atrazine + UANe 71 75 83 320b 1188ab 13.2 

Tolpyralate + Atrazine + MSO + UAN 91 92 94 144b 91b 13.3 

SEb 2 2 2 9 7 0.3 

Tolpyralate + atrazine P-value <0.0001 <0.0001 <0.0001 0.0017 0.0017 0.0017 

Interaction       

Roundup WeatherMAX®*tolpyralate + atrazine P-value 0.0040 0.0045 0.0018 0.7426 0.4563 0.0003 

aWAA, weeks after treatment application. bStandard error of the mean. cTolpyralate applied at 30 g∙ai∙ha−1; atrazine applied at 560 g∙ai∙ha−1. dMSO, 0.50% v/v. 
eUAN, 2.50% v/v. fDensity and biomass collected 8 WAA. Means within column followed by the same lowercase letter are not statistically different accord-
ing to Tukey-Kramer’s LSD (P = 0.05). 
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Table 6. Glyphosate-resistant Canada fleabane control 2, 4, and 8 WAA and corn yield 
with glyphosate plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 
and 2019. 

 Roundup WeatherMAX® (g∙ae∙ha−1)  

 0 900 SE 

Visible Weed Control 2 WAAa (%)   

No tank mix partner 0d Y 15c Z 2 

Tolpyralate + Atrazinec 58c Y 78b Z 4 

Tolpyralate + Atrazine + MSOd 94a Z 96a Z 1 

Tolpyralate + Atrazine + UANe 64bc Z 76b Z 4 

Tolpyralate + Atrazine + MSO + UAN 92ab Z 91ab Z 2 

SEb 3 3  

Visible Weed Control 4 WAA (%)   

No tank mix partner 0d Y 18c Z 3 

Tolpyralate + Atrazine 68c Y 86ab Z 4 

Tolpyralate + Atrazine + MSO 96a Z 96a Z 2 

Tolpyralate + Atrazine + UAN 70bc Z 78b Z 4 

Tolpyralate + Atrazine + MSO + UAN 92ab Z 93ab Z 2 

SE 4 3  

Visible Weed Control 8 WAA (%)    

No tank mix partner 0b Y 25b Z 4 

Tolpyralate + Atrazine 80a Z 91a Z 3 

Tolpyralate + Atrazine + MSO 97a Z 97a Z 2 

Tolpyralate + Atrazine + UAN 83a Z 84a Z 4 

Tolpyralate + Atrazine + MSO + UAN 94a Z 95a Z 2 

SE 4 3  

Yield (t∙ha−1)   

No tank mix partner 6.9a Y 11.3 a Z 0.8 

Tolpyralate + Atrazine 12.7b Z 12.9 a Z 0.3 

Tolpyralate + Atrazine + MSO 12.8b Z 13.1 a Z 0.4 

Tolpyralate + Atrazine + UAN 12.9b Z 13.4 a Z 0.3 

Tolpyralate + Atrazine + MSO + UAN 13.9b Z 12.7 a Z 0.5 

SE 0.4 0.3  

aWAA, weeks after treatment application. bStandard error of the mean. cTolpyralate applied at 30 g∙ai∙ha−1; 
atrazine applied at 560 g∙ai∙ha−1. dMSO, 0.50% v/v. eUAN, 2.50% v/v. Means within column followed by the 
same lowercase letter, or means within row followed by the same uppercase letter, are not statistically dif-
ferent according to Tukey-Kramer’s LSD (P = 0.05). 

3.2.1. Crop Injury 
Crop injury was less than 10% in all treatments (data not presented). 

3.2.2. Weed Control 
Tolpyralate + atrazine controlled GR Canada fleabane 58% at 2 WAA; there was 
no improvement in control with the addition of UAN (Table 6). The addition of 
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MSO or MSO + UAN to tolpyralate + atrazine improved GR Canada fleabane 
control 36% and 34%, respectively. Roundup WeatherMAX® applied alone con-
trolled GR Canada fleabane 15%. Roundup WeatherMAX® + tolpyralate + 
atrazine controlled GR Canada fleabane 78%, the addition of MSO improved GR 
Canada fleabane control 18%; there was no improvement in GR Canada fleabane 
control with the addition of UAN or MSO + UAN. When MSO was the adju-
vant, there was no further increase in GR Canada fleabane control with the addi-
tion of UAN. The addition of Roundup WeatherMAX® to tolpyralate + atrazine 
improved control of GR Canada fleabane 20%. In contrast, when tolpyralate + 
atrazine was applied with either MSO, UAN or MSO + UAN there was no fur-
ther increase in GR Canada fleabane control with the addition of glyphosate. 

At 4 WAA, tolpyralate + atrazine controlled GR Canada fleabane 68%. The 
addition of MSO or MSO + UAN improved control 28% and 24%, respectively. 
In contrast, there was no increase in GR Canada fleabane control with the addi-
tion of UAN. Roundup WeatherMAX® and Roundup WeatherMAX® + tolpyra-
late + atrazine controlled GR Canada fleabane 18% and 86%, respectively. There 
was no further increase in control when MSO, UAN or MSO + UAN were 
added. The addition of Roundup WeatherMAX® to tolpyralate + atrazine im-
proved GR Canada fleabane control 18%; however there was no increase in GR 
Canada fleabane control when Roundup WeatherMAX® was added to tolpyralate 
+ atrazine when applied with MSO, UAN or MSO + UAN. 

At 8 WAA, tolpyralate + atrazine controlled GR Canada fleabane 80% and 
there was no increase in GR Canada fleabane control with the addition of MSO, 
UAN or MSO + UAN (Table 6). Roundup WeatherMAX® and Roundup 
WeatherMAX® + tolpyralate + atrazine controlled GR Canada fleabane 25% and 
91%, respectively, there was no increase in control with the addition of MSO, 
UAN or MSO + UAN. 

3.2.3. Yield 
GR Canada fleabane interference reduced corn yield up to 50% (highest yielding 
treatment compared to the weedy control). Reduced GR Canada fleabane inter-
ference with tolpyralate + atrazine, without and with adjuvants, increased corn 
yield 84% to 101% relative to the weedy control. 

4. Discussion 
POST-applied herbicides must contact the leaf surface of the target species and 
cross the cuticle and enter the living portion of the plant to be effective. Adju-
vants improve herbicide performance by altering application characteristics, 
physical and/or chemical properties of herbicides [37]. The tolpyralate label 
recommends the addition of MSO and UAN as adjuvants for enhanced herbi-
cide efficacy [25] [28]. Glyphosate (Roundup WeatherMAX®) has a proprietary 
blend of surfactants included in the formulation [26]. The addition of Roundup 
WeatherMAX® to tolpyralate + atrazine improved the control of GR waterhemp 
and Canada fleabane at 2 and 4 WAA, in the absence of MSO, UAN or MSO + 
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UAN. At 2 and 4 WAA, the addition of Roundup WeatherMAX® to tolpyralate + 
atrazine increased GR waterhemp control by 6% and 10%, and increased GR 
Canada fleabane control by 20% and 18%, respectively. Armel et al. [52] also re-
ported improved control of common ragweed and giant foxtail with mesotrione 
(105 or 140 g∙ai∙ha−1) when in a tankmix with glyphosate compared to meso-
trione alone. Soltani et al. [34] reported an interaction between glyphosate and 
2,4-D where corn injury is enhanced with the addition of glyphosate, speculated 
to be caused by the aggressive adjuvant system in a commercial glyphosate for-
mulation. In contrast to results from Soltani et al. [34], crop injury was not ac-
centuated with the addition of glyphosate to tolpyralate + atrazine, however 
there was an influence on weed control. Glyphosate tank mixtures are reported 
to be complementary for herbicides like saflufenacil, chlorimuron and 
imazethapyr, exhibiting an additive effect [35] [38]. In contrast, addition of gly-
phosate to fomesafen and sulfentrazone was antagonistic and reduced absorp-
tion and translocation within various weed species [38]. Research by Deen et al. 
[36] found that quizalofop-p-ethyl (high rate) plus glyphosate and quizalo-
fop-p-ethyl plus the recommended adjuvant provided similar control of GR 
volunteer corn, suggesting that the adjuvant in the glyphosate formulation could 
replace the recommended adjuvant on the quizalofop-p-ethyl label. At lower 
rates of quizalofop-p-ethyl, greatest control was achieved when the recom-
mended adjuvant was used [36]. 

Removing unnecessary adjuvants from herbicide applications allows farmers 
to spend less money on their weed control program while still achieving a high 
level of weed control. In Ontario, adjuvants can cost between $1.00 to 10.00 ha−1. 
In this specific example, using both UAN and MSO with tolpyralate would re-
quire the farmer to spend over $10.00 ha−1 on the adjuvant system (Agris 
Co-operative Ltd., personal communication). Results of this research, irrespec-
tive of Roundup WeatherMAX® presence, show the greatest control of both spe-
cies at 2 and 4 WAA was achieved when MSO was added to tolpyralate + 
atrazine, and there was no increase in weed control with the addition of UAN. 
The results of this study conclude that there was no increase in control when 
UAN was added to MSO, therefore the addition of UAN to tolpyralate + atrazine 
was not necessary for the control of GR waterhemp and GR Canada fleabane. In 
Ontario, this may allow the farmer to save up to $2.50 ha−1; this could be a sub-
stantial savings if used over a large number of hectares. 

In the absence of Roundup WeatherMAX®, control of GR waterhemp and GR 
Canada fleabane was affected by adjuvant selection. Without the addition of an 
adjuvant, tolpyralate + atrazine provided less than 70% control of Canada flea-
bane (Table 6) and less than 80% control of waterhemp (Table 3) at 2 and 4 
WAA. Previous research by Dayan et al. [39] found that in the absence of adju-
vants, sulfentrazone absorption and phototoxic effects on weeds was reduced, 
although when included, adjuvants overcame barriers to herbicide absorption in 
plant leaves. As an activator adjuvant, MSO is an oil adjuvant made from soy-
bean and influences various properties of an herbicide spray droplet leading to 
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improved efficacy [40]. Tolpyralate + atrazine + MSO provided the greatest con-
trol of GR Canada fleabane at 2 and 4 WAA, and waterhemp at 4 WAA. The in-
creased herbicidal activity observed with the addition of MSO may be attributed 
to the greater absorption and retention of the herbicide on plant leaf as a result 
of various physical and chemical changes to the herbicide solution [31] [41]. 
Reduced surface tension and contact angle of spray droplets promote the pene-
tration of herbicides through the leaf cuticle [31]. Herbicidal activity of to-
pramezone and isoxaflutole, two other Group 27 herbicides, is also improved 
with the addition of MSO [31] [41]. Hutchinson et al. [42] found that MSO en-
hanced activity of metribuzin, resulting in greater control of lambsquarters, 
hairy nightshade, redroot pigweed and kochia when compared to nonionic sur-
factants. The addition of UAN to tolpyralate + atrazine with MSO did not in-
crease the control of GR waterhemp and GR Canada fleabane (Table 3 and Ta-
ble 6). This study concludes that the addition of MSO to tolpyralate + atrazine 
improves the control of GR waterhemp and GR Canada fleabane, but there is no 
improvement in weed control when UAN is added to tolpyralate + atrazine. This 
is consistent with research conducted by Idziak et al. [43] and Young and Hart 
[41] where no increase in weed control was observed with the addition of UAN 
to MSO. In contrast, Gronwald et al. 1993 [44] reported an increase in herbicidal 
activity with the addition of a nitrogen fertilizer due to the influence of ammo-
nium ions on herbicide absorption into the plant. There was no improvement in 
GR waterhemp and GR Canada fleabane with the addition of an adjuvant at 8 
and 12 WAA. This study found that the addition of MSO to tolpyralate + 
atrazine increases the speed of GR waterhemp and GR Canada fleabane control, 
but end-of-season weed control is similar. The current tolpyralate label in the US 
claims partial control of GR Canada fleabane; GR Canada fleabane does not ap-
pear on the Canadian label. Results from this study conclude that tolpyralate + 
atrazine controls GR Canada fleabane [25] [28]. Metzger et al. [27] also found 
GR Canada fleabane control with tolpyralate + atrazine equivalent to bro-
moxynil + atrazine and dicamba/atrazine, the current industry standards for 
control of GR Canada fleabane in corn in Canada. In addition, results of this 
study are similar to Benoit et al. [8] who reported that POST-applied tolpyralate 
+ atrazine controlled GR waterhemp in corn. Osipitan et al. [45] found that 
tolpyralate + atrazine controlled waterhemp at lower than the label rate at 60 
days after application. 

Corn is susceptible to herbicide injury when plants are young and rapidly 
growing, possessing a thin cuticle that allows for rapid uptake of the herbicide 
[46]. White bleaching is a characteristic corn injury symptom from 
HPPD-inhibiting herbicides. Corn injury across all experiments was less than 
10% (data not shown); however, injury symptoms appeared as gray, wa-
ter-soaked lesions, likely a result of the adjuvants used [47]. The addition of 
MSO to mesotrione increased herbicide uptake in sorghum resulting in in-
creased levels of crop injury, sorghum outgrew the injury and yield was not im-
pacted [43]. Metzger et al. [47] found tolpyralate + atrazine + MSO + UAN to 
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have a wide margin of crop safety on some commonly used corn hybrids in On-
tario when used according to label recommendations, although environmental 
variables may affect corn injury levels. In contrast to research by Soltani et al. 
[34] that reported increased crop injury when glyphosate was added to 2,4-D, 
the addition of glyphosate to tolpyralate + atrazine did not enhance crop injury. 
Any visible crop injury symptoms in these studies did not affect corn yield. Left 
uncontrolled, GR Canada fleabane reduced corn grain yields by up to 50% in 
this study, which is similar to research by Ford et al. [48] that observed a 69% 
yield loss due GR Canada fleabane interference in corn. 

5. Conclusion 

Results indicate that the addition of Roundup WeatherMAX® enhances herbi-
cidal activity of tolpyralate + atrazine; however, the addition of MSO is still re-
quired to enhance the speed of activity. The inclusion of a commercial gly-
phosate formulation in the tankmix will increase the spectrum of weeds con-
trolled and an additional mode of action will reduce the selection intensity for 
Group 27 resistant weeds. When Roundup WeatherMAX® is absent, the control 
of GR waterhemp and GR Canada fleabane was influenced by the adjuvant at 2 
and 4 WAA. By 8 WAA, all treatments provided good to excellent control of GR 
waterhemp and GR Canada fleabane. This study concludes that with tolpyralate 
+ atrazine there is no benefit of adding UAN to MSO for control of GR water-
hemp or Canada fleabane. This may allow growers to reduce costs and still 
achieve excellent control of these species with tolpyralate + atrazine. Group 
27-resuistance has been reported in Amaranthus species in the United States 
[49] [50] [51] [52]. Incorporating multiple effective modes of action, in addition 
to a diverse crop and herbicide rotation will enhance the long-term effectiveness 
of this herbicide mode-of-action. 
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