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Corn is an economically important summer crop in 
Iran and ranks fifth after wheat (Triticum aestivum L.), 
barley (Hordeum vulgare L.), rice (Oryza sativa L.), and 

chickpea (Cicer arietinum L.) in terms of the total cultivated 
area (FAO, 2017). The life cycle of annual summer weeds over-
laps with corn (Smith et al., 2004) and early season weed com-
petition may reduce corn yields (Harrison et al., 2001). Redroot 
pigweed and common lambsquarters are two important broad-
leaf weeds in corn fields in Iran. A study by Hartley and Popay 
(1992) reported 50% corn yield reduction with concurrent emer-
gence of redroot pigweed at 5 plants m-2. Common lambsquar-
ters is the world’s 10th most troublesome weed in corn (Holm et 
al., 1977) and can reduce corn yields by 11 to 100% based on the 
density and time of emergence (Sarabi et al., 2011).

There are very few herbicide options available for pos-
temergence broadleaf weed control in corn in Iran such as 
((2,4-dichlorophenoxy) acetic acid plus (4-chloro-2-meth-
ylphenoxy) acetic acid) (2,4-D + MCPA) (Hadizadeh et al., 
2006; Mousavi, 2001). (2-(N-((4,6-dimethoxypyrimidin-2-yl)
carbamoyl)sulfamoyl)-4-formamido-N,N-dimethylbenza-
mide) (foramsulfuron), (2-[(4,6-dimethoxypyrimidin-2-yl)
carbamoylsulfamoyl]-N,N-dimethylpyridine-3-carboxamide) 
(nicosulfuron), and nicosulfuron + rimsulfuron are three 
sulfonylurea (SU) herbicides that are currently used to control 
grass and some broadleaf weeds in corn in Iran (Baghestani et 
al., 2007). The number of broadleaf weed species controlled 
by any one of these herbicides is relatively few compared to the 
broad-spectrum control of grass weeds. Therefore, tank-mixing 
with other herbicides is often required to effectively control 
broadleaf weeds using SU herbicides. Previous studies reported 
that tank-mixing 2,4-D and dicamba with ALS inhibiting 
herbicides improves broadleaf weed control (Kalnay et al., 
1995; Parks et al., 1995; Himmelstein and Durgy, 1996; Hart, 
1997; Ritter and Menbere, 2001), so that effective control of 
Palmer amaranth [Amaranthus palmeri (S. Wats.)], redroot 
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ABSTRACT
Redroot pigweed (Amaranthus retroflexus L.) and com-
mon lambsquarters (Chenopodium album L.) are two of the 
world’s worst broadleaf weeds. In this study, the effects of 
(2-(N-((4,6-dimethoxypyrimidin-2-yl)carbamoyl)sulfamoyl)-
4-formamido-N,N-dimethylbenzamide) (foramsulfuron) and 
(2-[(4,6-dimethoxypyrimidin-2-yl)carbamoylsulfamoyl]-N,N-
dimethylpyridine-3-carboxamide) (nicosulfuron) applied alone 
or tank-mixed with ((2,4-dichlorophenoxy) acetic acid plus 
(4-chloro-2-methylphenoxy) acetic acid) (2,4-D + MCPA) at 
different ratios on redroot pigweed and common lambsquarters 
control in corn (Zea mays L.) were examined. Field experiments 
were conducted in 2011 and 2012 at the Ferdowsi University of 
Mashhad in Mashhad, Iran. These experiments were conducted 
as a randomized complete block design with three replications. 
Results indicated that foramsulfuron and nicosulfuron (sulfo-
nylurea herbicides) applied in tank-mix with 2,4-D + MCPA 
controlled redroot pigweed and common lambsquarters from 
78 to 100%, depending on herbicide doses. Corn grain yield was 
less when sulfonylurea herbicides were applied alone compared to 
when they were applied with 2,4-D + MCPA. Corn grain yield 
was not different when 2,4-D + MCPA were tank-mixed at higher 
rates with sulfonylurea herbicides compared to the weed-free 
check. Tank-mixtures of foramsulfuron + 2,4-D + MCPA caused 
less injury and yield loss than nicosulfuron + 2,4-D + MCPA.
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Core Ideas
•	 Sulfonylurea herbicides mixed with 2,4-D + MCPA control redroot 

pigweed effectively.
•	 Foramsulfuron mixed with 2,4-D + MCPA controlled weeds better 

than nicosulfuron.
•	 Yield did not decrease in treatments by higher ratios of 2, 4-D + 

MCPA.
•	 Yield decreased in sulfonylurea herbicides applied alone.
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pigweed, velvetleaf [Abutilon theophrasti (Medik.)], and ivyleaf 
morningglory [Ipomoea hederacea (L.) Jacq.] can be achieved 
using metsulfuron + 2,4-D (Regehr, 1997). Common rag-
weed (Ambrosia artemisiifolia L.) control was improved when 
dicamba was added to rimsulfuron plus thifensulfuron-methyl 
(Himmelstein and Durgy, 1996; Kalnay and Glenn, 1997). A 
tank-mix of nicosulfuron with dicamba improved Hemp dog-
bane (Apocynum cannabinum L.) control compared to either 
herbicide applied alone (Glenn and Anderson, 1993; Glenn 
et al., 1997; Ransom and Kells, 1998). 2,4-D amine improved 
broadleaf weed control and reduced injury to grain sorghum 
[Sorghum bicolor (L.) Moench spp. bicolor] when tank-mixed 
with metsulfuron (Brown et al., 2004).

Growers prefer to apply herbicides as tank mixtures to save 
time and reduce application costs. However, herbicide effi-
cacy can be dramatically altered when herbicides are applied 
in mixtures (Hatzios and Penner, 1985). Moreover, there are 
many advantages of applying herbicides together, for example, 
in delaying the evolution of herbicide resistance (Diggle et al., 
2003). Evolution of herbicide resistance is often attributed 
to a lack of variation in mode of action rotations or mixture; 
i.e., frequent or repeated use of herbicides with the same site 
of action (Beckie and Reboud, 2009). Based on modeling 
simulations and results presented herein, a mixture of an ALS 
inhibitor with a photosystem-II inhibitor (Mallory-Smith and 
Retzinger, 2003) or an auxinic herbicide, or both, is a more 
effective tactic than rotation to delay resistance to ALS inhibit-
ing herbicides. This combination has potential because of resis-
tance to tribenuron-methyl, an ALS inhibitor commonly used 
for over 25 yr, was reported in some biotypes of wild mustard 
(Sinapis arvensis L.) and turnip weed (Rapistrum rugosum L.) 
in Golestan, a province of Iran (Derakhshan and Gherekhloo, 
2012; Zand et al., 2012; Najjari Kalantari et al., 2013), Fars 
and Khuzestan (Zand et al., 2012). Also, Zhang et al. (2013) 
reported that the occurrence of weeds resistant to nicosulfuron 
and other sulfonylurea herbicides utilized for more than 10 yr 
in china. Therefore, by tank mixing additional modes-of-action 
with sulfonylurea herbicides, the probability of weed resistance 
development in broadleaf weeds is also reduced or delayed.

The objective of this study was to evaluate the efficacy of 
selected mixtures of foramsulfuron and nicosulfuron with 
2,4-D + MCPA to control redroot pigweed and common 
lambsquarters and their effects on crop safety in corn in Iran.

MATeRIALS AnD MeTHoDS
experimental Site and Study Design

Field experiments were conducted in 2011 and 2012 on a 
research farm at Ferdowsi University of Mashhad in Mashhad, 
Iran (36°15́  N lat; 59°28´ E long; alt. 985 m). In these experi-
ments, the effects of foramsulfuron (Equip, OD 2.25%; 45 g 
a.i. ha-1 with the safener isoxadifen-ethyl) and nicosulfuron 
(Accent, SC 4%; 80 g a.i. ha-1) tank mixed with 2,4-D + MCPA 
(U46 Combi Fluid as premix, SL 67.5%; 1012.5 g a.i. ha-1) were 
studied on two important broadleaf weeds that commonly 
occur in corn fields. The corn hybrid used in these experiments 
was single cross 704 provided from Sabs-Avaran Company, 
Moghan, Iran. The climate at this site was defined as dry and 
cold, using the Amberg method, with total annual rainfall 

of 20.3 and 31.9 cm in 2011 and 2012, respectively. The total 
monthly rainfall, mean daily, minimum and maximum temper-
ature are reported in Table 1. These experiments were conducted 
using a randomized complete block design with three replica-
tions. Also, a weed-free check was maintained with hand weed-
ing for corn plants and non-treated checks as a weedy controls 
for weed species. Herbicide doses were used based on the 90% 
reduction in aboveground dry matter of weed species (effective 
dose) achieved from fixed-ratio binary mixtures in greenhouse 
experiments. The adjusting ratio of the herbicides in binary 
mixtures and herbicide doses by 90% reduction in aboveground 
dry matter of weed species in greenhouse experiments used for 
foramsulfuron + 2,4-D + MCPA were 43:57 (17.5 + 23.2 and 
49.9 + 66.2 g a.i. ha-1) and 17:83 (12.7 + 61.8 and 44 + 214.6 g 
a.i. ha-1) to 6:94 (7.8 + 121.8 and 19.7 + 308.2 g a.i. ha-1) and for 
nicosulfuron + 2,4-D + MCPA were 47:53 (48.3 + 55 g a.i. ha-1) 
and 21:79 (56.6 + 213 g a.i. ha-1) to 7:93 (19.3 + 256.2 g a.i. ha-1). 
In greenhouse experiments, weeds were sprayed with seven doses 
of 2,4-D + MCPA, foramsulfuron with the safener isoxadifen-
ethyl, and nicosulfuron either alone or in a binary fixed-ratio 
mixture of 2,4-D + MCPA and one of the two sulfonylurea 
herbicides at the four- to six-true leaf stage. These experiments 
were conducted using a randomized complete block design with 
seven doses of each herbicide and herbicide mixtures and four 
replicates of each treatment (data not shown).

Procedure

The field was moldboard-plowed, harrowed, and cultipacked 
in the spring of both years prior to planting. A starter fertilizer 
was applied at a rate of 240 kg ha-1 of diammonium phosphate 
(46% P2O5 and 21% N) before corn planting, according to the 
standard agronomic practices of the area. Fertilizers were incor-
porated via field cultivation and shallow-disked methods for 
seed-bed preparation. Nitrogen fertilizer was applied at a rate of 
300 kg ha-1 of urea (46% N) as a split application of one-third 
before planting, one-third at the 6-to 8-leaf stage, and one-third 
at the 10-to 12-leaf stage of corn. Plots consisted of four rows of 
corn 4 m long planted at a depth of 3–5 cm at 20 cm intra-row 
spacing and on 70 cm inter-row spacings. The seeds of redroot 
pigweed and common lambsquarters were planted on both 
sides of the corn rows at a depth of 0.5 cm. Redroot pigweed 
and common lambsquarters populations in-row were counted 
from 16.8 m2 before and after treatments. Populations obtained 
from the sum of the three replications; 4 × 1.4 m from the 
two central rows for each plot (Table 2). No insects or diseases 
were observed in the study area. Other weed seedlings includ-
ing barnyardgrass [Echinochloa crus-galli (L.) Beauv.], purple 
nutsedge [Cyperus rotundus (L.)], black nightshade [Solanum 
nigrum (L.)], johnsongrass [Sorghum halepense (L.) Pers.], field 
bindweed [Convolvulus arvensis (L.)], and giant foxtail [Setaria 
faberi (Herrm.)] were manually removed twice during the study 
to eliminate competition with corn and planted weed species. 
All of the plots were irrigated once per week up to field capacity 
by furrow method. Weeds were sprayed at the 4- to 6-true leaf 
stage using a backpack sprayer equipped by XR TeeJet 8002VS 
single nozzle with an even spray pattern delivering 200 L ha-1 at 
300 kPa at a boom height of 50 cm. Weed control ratings were 
recorded based on visual observations on a scale of 0 to 100%, 
where 0% indicates no injury and 100% indicates complete death 
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of plant. Aboveground dry matter (g) of 15 weed plants obtained 
from each replication in treated plots were measured 28 d after 
herbicide application in both years. All aboveground plant 
organs were cut from the soil surface and oven-dried at 70°C for 
48 h and weighed. Aboveground dry matter of 15 redroot pig-
weed and common lambsquarters plants in non-treated checks 
after 28 d were 94.6 and 34.6 g, respectively. Percentage aboveg-
round dry matter reduction of weed species were calculated as: 

1
m

Y
Y

 
− 

 
 × 100%, 

where Ym was aboveground dry matter of weed species in 
nontreated checks and Y was aboveground dry matter of weed 
species in treated plots. Weekly variations in chlorophyll meter 
readings were determined in corn plants from the two central 
rows of plots at 7 and 28 d after treatment. Leaves were measured 
with the chlorophyll meter (SPAD-502, Minolta, Tokyo, Japan) 
on the mid-portion of the leaf blade, 2 cm away from the leaf 
margin. Leaves were measured from 9:00 A.M. to 10:30 A.M., 
with the sensor head shaded per the manufacturer's protocol. 
Crop injury was evaluated in the treated plots compared to the 
weed-free check plot at 7 and 28 d after herbicide applications. 
Visual corn injury ratings also were made on a scale of 0 to 100%, 
where 0 equals no crop injury and 100 equals complete crop 
death. At the end of the growing season, six corn plants from 
each plot from 0.84 m2 (0.6 × 1.4 m) were clipped at the soil sur-
face, sectioned, placed in cloth bags, oven-dried for 96 h at 75°C, 
and weighed. Ultimately, seeds were separated from the cobs, and 

total number of seeds from six corn plants harvested from each 
plot was used to estimate total corn yield on a per hectare basis.

Statistical Analysis

All data was subjected to ANOVA using MINITAB ver. 
17.1.0 statistical software. Field data were analyzed as a mixed 
model using the Balanced ANOVA of MINITAB. The 
assumptions of the variance analysis were tested by ensur-
ing that the residual were random, homogeneous, and with a 
normal distribution about a mean of zero using residual plots 
and the Anderson-Darling normality test. Data were pooled 
by year, when there was no interaction between year and treat-
ment. Means were separated using Fisher's least significant 
difference (FLSD) test at a 0.01 significance threshold.

Table 2. Corn grain yield, dry matter reduction, and control (%) by applying either the herbicides alone or tank-mixed at the 4-to 6-true 
leaf stage of selected weed species pooled across years.†
 
Herbicide‡

Herbicide dose
(g a.i. ha-1)

Control
(%)

Weed  
populations

Dry matter  
reduction (%)

Grain yield
(kg ha-1)

Redroot pigweed
Weed-free check – 100 – 100 (0) 12,118
Foramsulfuron 23.5 86 (116–26)§ 93.62 (6.03 g)¶ 11,225
Foramsulfuron + 2,4-D + MCPA 17.5 + 23.2 88 (94–9) 94.58 (5.13 g) 11,523
Foramsulfuron + 2,4-D + MCPA 12.7 + 61.8 96 (83–5) 94.71 (5.01 g) 11,978
Foramsulfuron + 2,4-D + MCPA 7.8 + 121.8 95 (90–4) 94.57 (5.13 g) 11,703

Nicosulfuron 63.8 78 (119–30) 91.95 (7.62 g) 10,710
Nicosulfuron + 2,4-D + MCPA 48.3 + 55 78 (104–24) 93.31 (6.33 g) 11,246
Nicosulfuron + 2,4-D + MCPA 56.6 + 213 88 (112–10) 93.84 (5.83 g) 11,523
Nicosulfuron + 2,4-D + MCPA 19.3 + 256.2 93 (65–4) 93.98 (5.69 g) 11,714
2,4-D + MCPA 375.3 97 (90–0) 94.65 (5.06 g) 11,856
LSD (1%) – 6.4 – 2.7 726
Common lambsquarters
Foramsulfuron 38.3 80 (206–20) 82.01 (6.23 g) 11,099
Foramsulfuron + 2,4-D + MCPA 49.9 + 66.2 98 (222–0) 83.78 (5.61 g) 11,452
Foramsulfuron + 2,4-D + MCPA 44 + 214.6 100 (254–0) 83.42 (5.74 g) 11,567
Foramsulfuron + 2,4-D + MCPA 19.7 + 308.2 100 (318–0) 85.36 (5.07 g) 11,914
2,4-D + MCPA 573.3 98 (289–0) 88.37 (4.03 g) 11,782
LSD (1%) – 3.3 – 6.6 722.8
† Interactions of year with treatment were nonsignificant.
‡ Abbreviations: 2,4-D + MCPA, ((2,4-dichlorophenoxy) acetic acid plus (4-chloro-2-methylphenoxy) acetic acid); foramsulfuron, (2-(N-((4,6-
dimethoxypyrimidin-2-yl)carbamoyl)sulfamoyl)-4-formamido-N,N-dimethylbenzamide); nicosulfuron, (2-[(4,6-dimethoxypyrimidin-2-yl)
carbamoylsulfamoyl]-N,N-dimethylpyridine-3-carboxamide).
§ Total weed populations from three replications (16.8 m2) before and after herbicide applications are in parentheses, respectively.
¶ Aboveground dry matter (g) of 15 weed plants is in parentheses. These aboveground dry matters obtained from each replication and were then av-
eraged. Aboveground dry matter of 15 redroot pigweed and common lambsquarters plants in non-treated checks were 94.6 and 34.6 g, respectively.

Table 1. Climatic conditions of the experimental site in Mashhad, 
Iran, during the growing season of 2011 and 2012.

 
Month

Rainfall Min. Temp. Mean Temp. Max. Temp.
2011 2012 2011 2012 2011 2012 2011 2012
——cm—— ——°C—— ——°C—— ——°C——

Apr. 0.72 4.42 17.5 17.8 2.4 6.7 34.5 30
May 1.5 1.86 23.6 21.5 11.1 10 38.2 35
June 0.69 0.99 27.9 26.5 16.2 15.9 39.5 37.4
July 0 0 29.1 29.2 17.1 17 40.3 40.1
Aug. 0 0 27.9 27.7 11.6 15.7 41.2 38.5
Sept. 0.2 0 22.4 21.5 10.6 10.6 35.6 34.1
Total 3.11 7.27 — — — — — —
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ReSULTS AnD DISCUSSIon
Visual Control estimates

The greatest control of redroot pigweed and common lambs-
quarters was achieved with SU herbicides mixed with 2,4-D + 
MCPA or 2,4-D + MCPA applied alone. All herbicide treat-
ments controlled up to 85% of redroot pigweed compared to the 
non-treated check, except for nicosulfuron applied alone at 63.8 
g a.i. ha-1 and nicosulfuron + 2,4-D + MCPA at 48.3 + 55 g a.i. 
ha-1, which only controlled up to 78% of redroot pigweed (Table 
2). In a study conducted by Schuster et al. (2008), mesotrione 
(105 g a.i. ha-1) applied in a tank-mixture with foramsulfuron 
and nicosulfuron controlled up to 84 and 91% of Palmer ama-
ranth at 21 DAT. All treatments controlled up to 98% of com-
mon lambsquarters, except for foramsulfuron applied alone at 
38.3 g a.i. ha-1, which only controlled up to 80% of common 
lambsquarters compared to the non-treated check (Table 2). 
Glenn et al. (1997) reported that primisulfuron-methyl only 
controlled 44% of triazine-resistant common lambsquarters; 
however, the application of 0.14 kg ha-1 dicamba in addition 
to the primisulfuron-methyl increased the control of common 
lambsquarters up to 93%. Nicosulfuron + 2,4-D + MCPA fixed-
ratio binary mixtures did not control common lambsquarters 
adequately in primative greenhouse experiments (Table 3); hence, 
herbicide tank-mixtures were not conducted in field experiments. 
Inadequate control of common lambsquarters by nicosulfuron 
has been reported previously (Lueschen et al., 1992).

Weed Aboveground Dry Matter

Herbicides applied alone or in a mixture reduced aboveg-
round dry matter of redroot pigweed by 90%. However, dry 
matter of this weed was greater when nicosulfuron + 2,4-D + 
MCPA treatments (particularly at rates of 48.3 + 55 and 56.6 + 
213 g a.i. ha-1), while maximum dry matter resulted from nico-
sulfuron applied alone at 63.8 g a.i. ha-1, respectively. Common 
lambsquarters dry matter was reduced by at least 80% compared 
to the non-treated check in all herbicide treatments. Minimum 
and maximum aboveground dry matter resulted from 2,4-D + 
MCPA and foramsulfuron applied alone at 573.3 and 38.3 g a.i. 
ha-1, respectively (Table 2). Because the growth rate of common 
lambsquarters (a C3 species) is less than that of C4 redroot pig-
weed, non-treated check plants of common lambsquarters failed 
to grow as much as redroot pigweed plants 28 d after treatment. 
Hence, reduction in their aboveground dry matter was not as 
much as redroot pigweed plants.

Crop Injury

Corn plants were less injured when foramsulfuron was applied 
alone or tank-mixed with 2,4-D + MCPA 28 d after treatment. 
Bunting et al. (2004) stated that the safener, isoxadifen-ethyl, in 
foramsulfuron formulation may exert its protective effect in corn 
by enhancing the activity of cytochrome P-450 enzymes, glycosyl 
transferases, or both. Maximum crop injuries were observed 
when nicosulfuron was applied alone or in a mixture with 2,4-D 
+ MCPA compared to when foramsulfuron was applied as a 
component of the mixture. In addition, SPAD readings esti-
mated corn leaf Chl content, where leaf Chl contents ranged 
between 39.8 to 51.03, and 45.8 to 51.27 μg cm-2 in treated plots 
7 and 28 d after treatments, respectively. The treated corn plants 

had chlorophyll meter readings that were lower than those from 
the weed-free check at 7 and 28 d after treatment with nico-
sulfuron applied alone or in a mixture with 2,4-D + MCPA. 
Whereas, SPAD readings tended to increase with foramsulfuron 
applied alone or in mixture with 2,4-D + MCPA (Table 4). 
Phytotoxicity of corn leaves was observed in the form of chlo-
rotic leaves after nicosulfuron was applied alone or in a mixture 
with 2,4-D + MCPA. However, phytotoxicity was transitory 
and disappeared within 3 wk, with no impact on corn growth 
and development. Isaacs et al. (2002) stated that rimsulfuron 
+ thifensulfuron-methyl + 2,4-D resulted in 6% injury to corn 
plants 26 d after treatment. By applying a tank-mix containing 
2,4-D + nicosulfuron to corn seedlings (previously treated with 
a soil application of the organophosphate insecticide terbufos), 
the injury caused by the terbufos-nicosulfuron interaction was 
prevented (Simpson et al., 1994). Studies have shown that 2,4-D 
can act as a herbicide safener when cytochrome P-450 enzyme 
levels are not high enough in the crop to metabolize other herbi-
cide active ingredients, typically when corn plants are less than 

Table 3. Control percentages of common lambsquarters based 
on visual control estimates in fixed-ratio binary mixtures of 
nicosulfuron + 2,4-D + MCPA at the 4-to 6-true leaf stage in the 
greenhouse experiments.†‡

 
 
Mixture ratios

Nicosulfuron + 2,4-D + MCPA
Total herbicide dose

(g a.i. ha-1)
14 DAT 28 DAT

–Control (%)–
Non-treated check – 0 0
100:0 16 + 0 5 6

32 + 0 8 5
48 + 0 14 5
64 + 0 18 14
80 + 0 16 11

75:25 12 + 50.625 36 40
24 + 101.25 40 48
36 + 151.875 43 51
48 + 202.5 45 60

60 + 253.125 46 54
50:50 8 + 101.25 40 43

16 + 202.5 43 46
24 + 303.75 46 64

32 + 405 50 58
40 + 506.25 49 68

25:75 4 + 151.875 39 40
8 + 303.75 45 49

12 + 455.625 49 60
16 + 607.5 48 63

20 + 759.375 49 65
0:100 0 + 202.5 43 51

0 + 405 50 50
0 + 607.5 59 59
0 + 810 68 81

0 + 1012.5 66 91
LSD (1%) – 5.6 8.8
† Abbreviations: 2,4-D + MCPA, ((2,4-dichlorophenoxy) acetic 
acid plus (4-chloro-2-methylphenoxy) acetic acid); foramsulfuron, 
(2-(N-((4,6-dimethoxypyrimidin-2-yl)carbamoyl)sulfamoyl)-4-formami-
do-N,N-dimethylbenzamide); nicosulfuron, (2-[(4,6-dimethoxypyrimi-
din-2-yl)carbamoylsulfamoyl]-N,N-dimethylpyridine-3-carboxamide).
‡ Visual control estimates of common lambsquarters were made 14 and 
28 d after treatment (DAT).
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20 cm tall (Peterson et al., 2016). As an example, grain sorghum 
injury from metsulfuron was decreased without a concurrent 
decrease in ivyleaf morningglory or velvetleaf control when tank-
mixed with 2,4-D or dicamba (Brown et al., 2004).

Corn yield

Redroot pigweed was controlled the greatest and corn grain 
yields were the highest when 2,4-D + MCPA was applied in 
tank-mixture compared to foramsulfuron or nicosulfuron 
applied alone. Corn yields also decreased as the quantity of 
2,4-D + MCPA decreased. Corn grain yields were substan-
tially reduced to 11,246 kg ha-1 when nicosulfuron + 2,4-D 
+ MCPA was applied at 48.3 + 55 g a.i. ha-1. Yields in 2 yr 
were reduced when nicosulfuron was applied alone than when 
foramsulfuron was applied alone due to the reduced control of 
redroot pigweed. Nevertheless, yield was reduced to 11,225 kg 
ha-1 in the foramsulfuron treatment and to 10,710 kg ha-1 in 
the nicosulfuron treatment compared to weed-free check (Table 
2). Bunting et al. (2005) reported that corn yield was greater in 
foramsulfuron treatments of common lambsquarters, velvetleaf 
and common cocklebur [Xanthium strumarium (L.)] than in 
nicosulfuron treatments, such that corn yield in the 32 and 37 g 
a.i. ha-1 foramsulfuron treatment was 9220 kg ha-1 compared to 
7800 kg ha-1 in the 35 g a.i. ha-1 nicosulfuron treatment.

Yield was not different from the weed-free check for all 
mixture ratios of foramsulfuron + 2,4-D + MCPA on common 
lambsquarters. However, yields were reduced when foramsul-
furon was applied alone at 38.3 g a.i. ha-1 due to the reduced 
ability to control the weed (Table 2). Corn yield from plots 
that received a combination of 2,4-D with either glyphosate 

or paraquat was higher by 900 and 1040 kg ha-1, respectively, 
than the yield when glyphosate or paraquat was applied alone 
(Wilson and Worsham, 1988). Despite effectively control-
ling redroot pigweed in greenhouse experiments by applying 
mixtures where SU herbicides doses were higher in a mixture 
with 2,4-D + MCPA, control of redroot pigweed using these 
same mixtures, particularly with nicosulfuron, was low in 
the current field experiments, thereby leading to lower corn 
yields. Weed species control differed among treatments, result-
ing in a yield effect due to weed–crop competition. Studies 
have determined that a reduction in corn yield is possible with 
Amaranthus competition between the V6 and V8 growth stages 
and with low to moderate weed density (Crow et al., 2016). 
It seems that less or delayed control of these two competitive 
weed species in corn has resulted in yield loss when sulfonyl-
urea herbicides are applied alone or in treatments with less 
than adequate rates of 2,4-D + MCPA. Thus, higher herbicides 
doses may be required to adequately control redroot pigweed 
and prevent yield loss. In contrast, the minimum dose required 
to reduce 90% of the aboveground dry matter of common 
lambsquarters obtained from pot experiments resulted in 98% 
control with no yield effect. Although doses of foramsulfuron 
applied in two hetbicide mixtures (49.9 + 66.2 and 44 + 214.6 
g a.i. ha-1) resulted in a 90% reduction in aboveground dry mat-
ter were higher the percent reduction achieved when foramsul-
furon was applied alone in greenhouse experiments (data not 
shown), foramsulfuron applied alone reduced the growth of 
common lambsquarters by 80% in the field (Table 2). Thus, 
when applied alone, higher doses of foramsulfuron are required 
to effectively control common lambsquarters in the field.

Table 4. Chlorophyll meter readings and crop injury (%) by applying either the herbicides alone or tank-mixed of SU herbicides with 2,4-
D + MCPA at 7 and 28 d after treatment (DAT) averaged from 2 yr.

 
Herbicide†

Herbicide dose
(g a.i. ha-1)

Chlorophyll meter readings (μg cm-2)  
Corn injury (%)7 d 28 d

Redroot pigweed Non-treated plants Treated plants Non-treated plants Treated plants 7 DAT 28 DAT
Weed-free check – – – – – 0 0
Foramsulfuron 23.5 45.83‡ 46.33 (0.45)§ 46.7 48.23 (1.47) 3.7¶ 3
Foramsulfuron + 2,4-D + MCPA 17.5 + 23.2 48.63 47.57 (1.12) 45.87 46.47 (1.16) 6.3 4.7
Foramsulfuron + 2,4-D + MCPA 12.7 + 61.8 47.43 47.76 (2.98) 45.67 47 (3.5) 5.7 4.3
Foramsulfuron + 2,4-D + MCPA 7.8 + 121.8 50.43 51.03 (0.59) 50.83 51.27 (1.59) 4.7 4
Nicosulfuron 63.8 49 42.4 (2.17) 47.97 46.13 (1.20) 10 8
Nicosulfuron + 2,4-D + MCPA 48.3 + 55 46.03 41.3 (3.05) 47.43 45.8 (2.53) 9 7
Nicosulfuron + 2,4-D + MCPA 56.6 + 213 42.87 39.8 (1.53) 48.03 48.9 (1.99) 8.7 7
Nicosulfuron + 2,4-D + MCPA 19.3 + 256.2 44.47 42.67 (1.49) 50.53 48 (2.15) 9 7
2,4-D + MCPA 375.3 49.5 45.93 (2.18) 49.57 49.33 (0.90) 7 5.7
LSD (1%) – – – – – 1.9 1.1
Common lambsquarters
Foramsulfuron 38.3 49.5 49.32 (0.30) 47.9 48.3 (2.03) 4.7 4
Foramsulfuron + 2,4-D + MCPA 49.9 + 66.2 50.87 50 (1.45) 48.13 49.17 (1.19) 5.6 4.1
Foramsulfuron + 2,4-D + MCPA 44 + 214.6 47.77 46 (0.96) 48.23 48.67 (0.24) 6.9 4.9
Foramsulfuron + 2,4-D + MCPA 19.7 + 308.2 45.9 43.4 (2.07) 47.6 47.7 (0.61) 7.4 5.4
2,4-D + MCPA 573.3 49.67 46.22 (1.22) 48.43 48.11 (0.62) 8.2 6.8
LSD (1%) – – – – – 2.3 1.3
† Abbreviations: 2,4-D + MCPA, ((2,4-dichlorophenoxy) acetic acid plus (4-chloro-2-methylphenoxy) acetic acid); foramsulfuron, (2-(N-((4,6-
dimethoxypyrimidin-2-yl)carbamoyl)sulfamoyl)-4-formamido-N,N-dimethylbenzamide); nicosulfuron, (2-[(4,6-dimethoxypyrimidin-2-yl)
carbamoylsulfamoyl]-N,N-dimethylpyridine-3-carboxamide).
‡ SPAD readings indicate corn leaf Chl content based on μg cm-2 in the non-treated and treated plants.
§ Standard errors are in parentheses.
¶ Crop injury ratings on a scale of 0 to 100% with 0% = no injury and 100% = complete death.
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ConCLUSIonS
In general, corn yields were reduced when foramsulfuron and 

nicosulfuron were applied alone or applied in mixture with low 
rates of 2,4-D + MCPA due to reduced control of weed species. 
This finding was especially pronounced when nicosulfuron + 
2,4-D + MCPA was applied at 48.3 + 55 g a.i. ha-1, respectively. 
There is evidence of reduced rate applications, especially of ALS 
chemistries, promoting weed resistance due to reduced control 
of weed species in US. Therefore, the mixture of these two SU 
herbicides with recommended rates of 2,4-D + MCPA are 
required to effectively control these important broadleaf weed 
species and to mitigate corn yield losses. Future experiments 
should investigate efficacy of these SU herbicides in mixture 
with other postemergence broadleaf herbicides such as dicamba 
in corn fields to maximize broadleaf weeds control.
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